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Datum der Disputation:iiZusammenfassung
ImLaufederletztenJahrzehntevertieftesichdasVerständnisvonderunsumgeben-
den Materie zunehmend. Die Weiterentwicklungen im Bereich der Hochenergie-
physik erlaubten einen immer genaueren Blick auf die kleinsten Teile unserer Welt
und die zwischen ihnen herrschenden Kräfte. Alle Beobachtungen und theoretis-
chen Erklärungen verdichteten sich zu einem einfachen Schema, dem Standard
Modell. Im Standard Modell können nahezu alle bisherigen Beobachtungen der
Hochenergiephysik innerhalb eines Schemas aus 12 Elementarteilchen und 3 zwis-
chen diesen Teilchen wirkenden Wechselwirkungsarten erklärt werden. Die 12 El-
ementarteilchen sind 6 Leptonen und 6 Quarks. Die Wechselwirkungen sind die
elektromagnetische, die schwache und die starke Wechselwirkung. Jeder Wechsel-
wirkung werden ein oder mehrere Austauschteilchen zugeordnet, das masselose
Photon der elektromagnetischen, die W- und Z-Bosonen der schwachen und acht
unterschiedliche Gluonen sind die Austauschteilchen der starken Wechselwirkung.
Ein weiteres Boson im Standard Modell ist das Higgs-Boson, man erklärt die un-
terschiedlichen Massen der Elementarteilchen durch eine unterschiedlich starke
Kopplung an das Higgs-Boson.
In der uns umgebenden Materie sind die Quarks fest in den Nukleonen gebun-
den, auf die Existenz von Quarks kann man nur durch Streuexperimente schließen.
Jedoch sagt die Theorie der starken Wechselwirkung, die Quantenchromodynamik,
einen Übergang von normaler, gebundener Kernmaterie zu einem Zustand quasi-
freier Quarks und Gluonen voraus. In diesem Quark-Gluon-Plasma ist es möglich,
dass sich Quarks und Gluonen frei innerhalb eines mehreren fm großen Bereiches
bewegen. Es wird angenommen, dass ein solcher Zustand kurz nach dem Urknall
existierte, das heutige Universum mit allen Nukleonen konnte erst entstehen, nach-
dem das Quark-Gluon-Plasma genügend abgekühlt und ausgefroren war. Demnach
erhofft man sich von der Beobachtung und der Erforschung der Eigenschaften des
Quark-Gluon-Plasmas Rückschlüsse auf die Entwicklung unseres Universums.
Die Erzeugung und der zweifelsfreie Nachweis des Quark-Gluon-Plasmas ist
seitlangemderHauptforschungsgegenstandderSchwerionenphysik.DadasQuark-
Gluon-Plasma nur eine Lebensdauer von etwa 1fm/c hat und nur indirekt über
die Ausfrierprodukte nachzuweisen ist, müssen geeignete Sonden verwendet wer-
den, um das Quark-Gluon-Plasma zu erforschen. Diese Sonden sollten möglichst
früh im Verlauf der Kollision entstehen, sensitiv auf die besondere Umgebung im
Plasma sein und dann möglichst einfach nachzuweisen sein. Eine Art von Mesoniv
erfüllt alle die eben genannten Kriterien: Quarkonium. Als Quarkonium bezeich-
netmandengebundenenZustandzweierschwererQuarks.LeichteQuarkssinddas
up, down und strange Quark. Sie werden aufgrund ihrer relativ geringen Masse
während der ganzen heissen Phase der Reaktion, und noch bis zum sogenannten
chemischen Ausfrierpunkt, dem Punkt nach dem keine weitere Teilchenproduktion
mehr erfolgt, produziert. Man kann also bei diesen leichten Quarks keine Aussage
darüber treffen, zu welchem Zeitpunkt sie produziert wurden und demnach ist auch
nicht klar, ob oder ob sie nicht von einem Quark-Gluon-Plasma beeinﬂußt wurden.
Schwere Quarks sind das charm, das beauty und das top Quark. Aufgrund ihre
hohen Masse von mehr als einem GeV/c2 können sie in einer Schwerionenkolli-
sion nur während der ersten besonders energiereichen Streuprozesse erzeugt wer-
den. Demnach bieten die schweren Quarks einen Einblick in die ersten Augen-
blicke der Reaktion. Weiterhin gehen das charm und das beauty-Quark gebun-
dene Zustände mit ihrem jeweiligen Antiteilchen ein. Diese gebundenen Zustände
nennt man Quarkonium, sie sind sehr energiescharf und relativ langlebig. Weiter-
hin zerfallen diese Zustände zu etwa 6% in Dileptonen.
Während einer Schwerionenkollision entstehen je nach Kollisionsenergie meh-
rere tausend Teilchen, größtenteils Pionen und Kaonen. Elektronen und Myonen
entstehen nur zu einem kleinen Prozentsatz. Leptonen kann man durch geeignete
Detektoren von Pionen und anderen Hadronen relativ zuverlässig, mit hoher Ef-
ﬁzienz trennen, demnach bietet sich über den dileptonischen Zerfallskanal eine
einfache Möglichkeit Quarkonium zu messen. Ein weiterer Vorteil der Dileptonen
ist, dass sie als Leptonen nicht der starken Wechselwirkung unterliegen und somit
vom eventuell entstandenen Quark-Gluon-Plasma nicht beeinträchtigt werden.
Das Quarkonium selbst ist, so lange es eben noch im Plasma existiert, sensi-
tiv auf den Zustand seiner Umgebung. Sollte während einer Kollision ein Quark-
Gluon-Plasma entstehen, so bedeutet das, dass ein großer Bereich freier Quarks
und Gluonen entsteht. Quarks und Gluonen tragen jeweils eine beziehungsweise
zwei Farbladungen, es sind also jede Menge freier Farbladungsträger vorhanden.
DieseFarbladungenkönnennundasbindendePotentialzwischendenbeidenschw-
eren Quarks im Quarkonium abschirmen. Der Effekt ist analog der Debye-Abschir-
mung, die man für elektrische Ladungen beobachten kann. Die Abschirmung der
Bindungspartner voneinander führt zur Aufspaltung der Bindung, das heisst, dass
in einem Quark-Gluon-Plasma kein gebundenes Quarkonium existieren kann. Im
Gegensatz dazu existieren in einem heissen Gas aus Nukleonen keine freien Farb-
ladungsträger und demnach sollte Quarkonium beobachtbar sein.
Im Laufe der letzten Jahre wurden umfangreiche Messungen am SPS Beschle-
uniger am CERN und am RHIC in Brookhaven durchgeführt. Dabei wurde im
Wesentlichen der am häuﬁgsten auftretende Zustand des Quarkoniums, das J/ψ,
gemessen. Bei mehreren durchgeführten Experimenten mit unterschiedlichen Kol-
lisionssystemen und unterschiedlicher Kollisionsenergie konnte man ein Unter-
drückung des J/ψ-Signals relativ zu einer nicht beeinträchtigten Referenzgröße
beobachten. Die Stärke Unterdrückung war dabei abhängig von der Energiedichte,
die während der Kollision erreicht wurde. Jedoch wurde durch eine sorgfältigev
Analyse und dem Vergleich mit theoretischen Modellen klar, dass das Bild von
der reinen Unterdrückung von Quarkonia nicht aufrecht erhalten werden konnte.
Zum Einen wurde durch Messungen von Kollisionen in denen kein Quark-Gluon-
Plasma erwartet wurde klar, dass Quarkonium zu einem gewissen Anteil auch
innerhalb gebundener Kernmaterie aufgespalten wird. Zum Anderen besteht ger-
ade bei höheren Kollisionsenergien die Möglichkeit, dass ungebundene schwere
Quarks relativ spät im Verlauf der Kollision, also kurz vor dem Punkt des chemis-
chen Ausfrierens, eine Bindung eingehen, die dann nicht mehr vom Quark-Gluon-
Plasma aufgespalten wird.
MomentanexistierenmehreretheoretischeModelle,diedieexistierendenDaten
beschreiben, die jedoch die eben beschriebenen Effekte mehr oder weniger stark
in Betracht ziehen. Dies führt zu unterschiedlichen Vorhersagen bezüglich der
zu erwartenden Messungen am LHC. Die Messungen, die am LHC durchgeführt
werden, werden also zur weiteren Verfeinerung der Modelle beitragen und damit
ermöglichen über Quarkonium mehr über die Eigenschaften des Quark-Gluon-
Plasmas zu erfahren.
Die vorliegenden Studien beschäftigen sich mit der Möglichkeit Quarkonia mit
den zentralen Detektoren des ALICE Experimentes zu messen. ALICE ist das
einzige der vier großen Experimente am LHC, dass sich speziell mit Fragestel-
lungen der Hochenergie-Schwerionenphysik beschäftigt. Das ALICE Experiment
ist in zwei wesentliche Bestanteile unterteilt, dem Central Barrel und dem Muon
Arm. Beide Detektorteile werden in der Lage sein, Quarkonia zu messen, das Cen-
tral Barrel um die zentrale Rapidität (|y| < 0.9) und der Muon Arm in Rück-
wärtsrichtung (−2.4 < y < −4.0). Vor dem Muon Arm ist ein massiver Hadron-
Absorber angebracht, der eine nahezu untergrundfreie Messung von Myonen er-
möglicht. Das Central Barrel wurde ausgelegt, um möglichst viele verschiedene
Teilchenarten von Impulsen ab 100MeV/c zu messen. Demnach wurde bei allen
Detektoren auf eine möglichst leichte Bauweise geachtet. Um elektronische Zer-
fälle des Quarkoniums messen zu können wurde dem Experiment der Übergangs-
strahlungsdetektor (TRD) hinzugefügt, der nicht nur für die Identiﬁkation von
Elektronen verwendet wird, sondern die Impulsauﬂösung aller geladenen Teilchen
verbessert und darüberhinaus als Triggerdetektor für Teilchen mit hohem Impuls
dient. Für die Messung von Quarkonium werden insgesamt drei Detektoren des
Central Barrel verwendet, das Inner Tracking System (ITS), die Time Projection
Chamber (TPC) und der bereits erwähnte TRD. ITS dient zur Rekonstruktion des
Primär- und eventuell vorhandener Sekundärvertices, die TPC ist der Hauptdetek-
tor für die Spurrekonstruktion und bestimmt so hauptsächlich die Impulsmessung.
Um die erwartete Leistung des Central Barrel bezüglich der Messung von
Quarkonium zu studieren, wurden die erwarteten Signale und die zu erwartenden
Untergundprozesse in realistischen Raten zueinander simuliert. Dabei wurden die
oben beschriebenen Effekte, die zu einer Aufspaltung von Quarkonium führen,
nicht berücksichtigt, um eine von theoretischen Modellen möglichst unabhängige
experimentelle Studie zu erhalten. Die vollständige Simulation eines Ereignisses
imCentralBarreldauertaufgrundderhohenTeilchenzahlvonbiszu20000gelade-vi
nenTeilchenproEreignismehrereStunden.DiezuerwartendeAnzahlvonrelevan-
ten Ereignissen wird auf 200 Millionen pro Jahr geschätzt. Anhand dieser Zahlen
wird klar, dass eine vollständige Simulation aller Ereignisse nicht möglich ist. Da-
her wurde der langwierigste Teil der Simulationen, der Transport der Teilchen
durch den Detektor, durch Parametrisierungen der Efﬁzienz, der Auﬂösung und
der Teilchenidentiﬁkation ersetzt. Dadurch gelang es, die benötigte Zeit pro Ereig-
nis von mehreren Stunden auf unter eine Sekunde zu reduzieren, so dass letztlich
die volle zu erwartende Statistik für ein Jahr simuliert werden konnte.
Das Ergebnis dieser Studien ist, dass beide Quarkonium-Familien mit dem
Central Barrel mit guter Signal zu Untergrund Rate (S/BJ/ψ = 1.23, S/BΥ =
1.4) und großer Signiﬁkanz (SGNJ/ψ = 274, SGNΥ = 28) innerhalb einer
Messperiode messbar sind. Ferner wurde gezeigt, dass die Massenauﬂösung ausre-
ichend gut ist, um die Grundzustände de Υvon den angeregten schwereren Zustän-
den zu trennen. Um die Robustheit der getroffenen Aussagen zu zeigen wurden
die verwendeten Anfangsparameter innerhalb der erwarteten Grenzen variiert. Die
Abhängigkeit der Leistungsparameter von der Multiplizität der Ereignisse, vom el-
ementaren Produktionsquerschnitt für Charm- und Beauty-Hadronen, und von der
Güte der Elektron-Pion Separation wurde geprüft. Für keine der studierten Varia-
tionen ergab sich eine kritische Verschlechterung der Leistungsparameter, so dass
anzunehmenist,dassmitdemmomentangewähltenDetektoraufbaudieanvisierten
Messungen nach nur einem Jahr Datennahme durchführbar sind.
AlsErweiterungzudenobenbeschriebenenStudiensolltegezeigtwerden,dass
das momentan existierende Analyseschema ausreichend ist, um die Quarkonium
Messungen durchzuführen. Dazu wurde ein Analyseprogramm entwickelt, dass
auf das ALICE Daten-Format (ESD) angewendet werden kann. Dazu wurden die
im ESD-Format verfügbaren Möglichkeiten zur Selektion der einzelnen Teilchen-
spurennachderQualitätderRekonstruktionuntersucht.ZusätzlichzudenMessun-
gen von Quarkonium sollte eine Algorithmus zur Rekonstruktion sekundärer Ver-
tices entwickelt werden, um eine Unterscheidung zwischen primär und sekundär
produzierten J/ψs zu ermöglichen. Sekundäre J/ψs entstehen aus Zerfällen von
B-Mesonen, aufgrund der relativ langen Lebensdauer von cτ ≈ 500µm, sollte
der sekundäre Vertex deutlich vom Hauptvertex unterscheidbar sein. Die Hoff-
nung ist, eine Möglichkeit zur Messung des B-Quark Produktionsquerschnittes
zu bekommen, die aufgrund der Einfachheit der Messung (ein über ein Elektron-
Positron-Paar rekonstruiertes J/ψ mit einem deutlich vom Hauptvertex unterschei-
dbaren Sekundärvertex) schnell nach den ersten Datennahmen verfügbar ist. Als
Unterscheidungsparameter wurde der rekonstruierte Abstand r zwischen Primär-
und Sekundärvertex verwendet, als weiterer Unterscheidungsparameter wurde der
minimaleAbstandzwischenderrekonstruiertenFluglinievonJ/ψ unddemHaupt-
vertexuntersucht,jedochhatdieserParameterkaumPotentialklarzwischenprimä-
rer und sekundärer J/ψ-Produktion zu unterscheiden.
BeidenbeschriebenenStudienzurRekonstruktionvonsekundärenJ/ψswurde
besonderes Augenmerk auf die Einﬂüsse des Elektron-speziﬁschen Energiever-
lustes im Detektor und von unkorrelierten Dileptonen im Untergrund gelegt. Esvii
wurde gezeigt, dass der speziﬁsche Energieverlust der Elektronen durch Brems-
strahlung starke Auswirkungen, sowohl auf die Messung des Impulses, als auch
auf die Bestimmung der Vertexkoordinaten hat. Beide Effekte lassen sich auf den
verwendeten Rekonstruktionsalgorithmus, den Kalman-Filter zurückführen. Der
Kalman-Filter ist als iterativer Algorithmus in der Lage eine Teilchenspur sowohl
auf die Ungenauigkeit der Einzelmessung, als auch auf physikalische Effekte wie
Vielfachstreuung zu korrigieren. Bedingung dabei ist, dass die Verteilung der Stör-
ung möglichst nahe an der Normalverteilung ist. Der Energieverlust von Elektro-
nen wird allerdings durch die stark asymmetrische Bethe-Heitler-Verteilung be-
schrieben,weshalbderAlgorithmuskeinedementsprechendeKorrekturvornehmen
kann.MomentanistesnurmöglichDileptonenaufgrundderrekonstruierteninvari-
anten Masse zu selektieren. Verliert ein oder beide Partner Energie durch Brems-
strahlung, so weicht die rekonstruierte invariante Masse teilweise stark von der
nominellen Masse des J/ψ ab, was eine Unterdrückung von Paaren mit hohem
Energieverlust ermöglicht, so dass die Verlässlichkeit der Information über die
Vertexkoordinaten gewährleistet ist. Allerdings wird die Efﬁzienz der Messung
dadurch um etwa 35% reduziert, so dass eine bessere Behandlung des speziﬁschen
Energieverlustes von Elektronen versucht werden sollte.
Als weitere Quelle für Untergrund zur Messung von sekundären J/ψs wurde
der zu erwartende Anteil von unkorrelierten Leptonpaaren untersucht. Dazu wur-
den insgesamt 30000 Blei-Blei Kollisionen simuliert und vollständig rekonstruiert,
davon beinhalteten jeweils 10 000 Ereignisse entweder jeweils ein primäres oder
sekundäres J/ψ, oder reinen Blei-Blei Untergrund. Um nun den Anteil der un-
korrelierten Paare in der r-Verteilung abzuschätzen wurden die unterschiedlichen
Beiträge mit gleichen Kriterien analysiert und die verbleibenden Einträge ent-
sprechend der erwarteten Häuﬁgkeit normiert. Demnach ist der Beitrag der un-
korrelierten Lepton-Paare vergleichbar dem Beitrag von Paaren aus sekundärer
J/ψ-Produktion. Allerdings ist bei diesem Ergebnis die statistische Unsicherheit
aufgrund der verwendeten Normierung relativ hoch, weshalb für eine verläßliche
Abschätzung eine größere Anzahl von Untergrundereignissen erforderlich wäre.
Innerhalb der hier vorliegenden Studien wurden also zwei wichtige Punkte
bezüglich der zu erwartenden Messungen von Quarkonium behandelt: Die prinzip-
ielle Möglichkeit und die zu erwartende Signiﬁkanz der Quarkonium-Messungen
imALICECentralBarrelundalszweiterPunktdieMöglichkeitmitdemvorhande-
nen ALICE Software und Analyse-Paket, die Messung durchzuführen und darüber-
hinaus primäre von sekundärer J/ψ-Produktion mit Hilfe der Zerfalls-Topologie
zu unterscheiden.viiiContents
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Introduction
1.1 Forces and particles in the standard model
During the last decades huge progress has been made on the understanding of the
fundamental forces and building blocks of the universe. All observations and the-
oretical approaches condensed into a relatively easy and beautiful theory called
the Standard Model. In this model the large variety of our surrounding nature is
reduced to sixteen elementary particles (see table 1.1) and three forces determin-
ing the interplay between these particles. The three forces are the strong force,
the weak force and the electromagnetic force. The gravitation is often quoted as
the fourth force, although it could not be described within the Standard Model.
The interaction between elementary particles can be described as the exchange of
bosons, according to this picture each fundamental force is associated with one or
more exchange-boson. The electromagnetic force is mediated by the photons and
the weak force by the experimentally found W± and Z0-Bosons [Arn83, Ban83].
Eight gluons are the exchange bosons for the strong interaction. Postulated, but so
far not seen is the Higgs-Boson, creating the masses of the elementary particles.
The Higgs mechanism describes the creation of mass as coupling to the Higgs-
Boson. Although it cannot explain the large mass differences between the elemen-
tary particles (mu ≈ 3MeV/c2 compared to mt ≈ 186GeV/c2), the detection of
the Higgs-Boson is seen as a strong conﬁrmation of the Standard Model and one of
the reasons to build a new collider, the Large Hadron Collider at CERN, exceeding
the highest collision energies by a factor of 7.
The description of the electromagnetic and the weak force is done within the
so-called electro-weak theory, unifying the electromagnetic and the weak forces.
ThetheorydescribingthestronginteractionisQuantum-Chromo-Dynamics(QCD),
reﬂecting the fact that the charge of the quarks and gluons is called color charge.
Large efforts have been made to unify the strong with the electroweak interaction
to a Grand Uniﬁed Theory, describing all Standard Model interactions within one
framework. Until now a commonly accepted description could not be found.
The coupling constant αS of the strong interaction depends on the momentum2 Introduction
Table 1.1: Elementary particles in the standard model. The interaction between
these particles is described by the exchange of bosons.
Elementary particles
Flavor
up charm top Quarks
down strange bottom
νe νµ ντ Leptons
e µ τ
Interactions Bosons
strong 8 gluons
weak Z, W±
electromagnetic γ
transfer in a speciﬁc collision. αS is close to or even larger than one for small
momentum transfers and small or close to zero for momentum transfers Q2> ∼
2GeV/c2. For this reason perturbation theory can only be applied to processes
with large momentum transfers, for soft processes perturbative calculations cannot
be performed.
A unique feature of Quantum-Cromo-Dynamics is that the gluons are not only
the mediators between the quarks, but since each gluon carries one color and one
anti-color charge, they interact strongly with each other. This self-interaction of
the gluons is seen as the reason for conﬁnement. Conﬁnement denotes the fact that
quarks cannot be observed as free particles. As a consequence of the gluon-gluon
interaction and in contrast to the other forces like the electromagnetic force or the
gravitation the energy to separate twoquarks from each other is not decreasing with
increasing distance but linearly increasing. This means that with increasing quark
distance more and more energy is stored in the system. At some point the stored
energy is high enough to create a new quark-antiquark pair. The created quark
and antiquark now bind to the initial quarks and thus instead of two individual
quarks two mesons are produced. For this reason individual quarks have never been
observed, the existence of quarks can only be conﬁrmed indirectly in scattering
experiments.
Nevertheless it is possible to observe quarks in quasi-free states. Within a nu-
cleon or other bound hadrons the inﬂuence of the strong interaction on the individ-
ual quarks is small. Therefor quarks act, within a hadron, like free particles. Only
when the distance between the quarks increases by more than the size of a hadron
(∼1fm), conﬁnement sets in and the quarks are bound by the strong interaction.
If nuclear matter is either heated up, or its density is increased, QCD calcu-
lations predict a transition between conﬁned hadrons and deconﬁned quarks and
gluons. Within the deconﬁned volume quarks and gluons are quasi-free. Due to
the presence of free color charges, the deconﬁned matter is called Quark-Gluon-
Plasma (QGP) [Shu78]. Lattice QCD calculation predict a transition line (see ﬁg-
ure 1.1) between hadronic and deconﬁned matter. The transition depends on the
temperature T and the baryon density (baryo-chemical potential µB).1.2 Heavy ion collisions 3
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Figure 1.1: A sketch of the QCD phase diagram in the plane of temperature T and
brayo-chemical potential µB. The transition line between the deconﬁned and the
hadronic phase as predicted from lattice QCD is shown [Kar95, All03], ending in
a critical point [Fod01]. The critical temperature of 170±20MeV (µB = 0) is also
predicted by lattice QCD [Sus79, Kut80].
According to cosmological models a QGP was formed shortly after the Big
Bang. Thus our universe can be seen as a freeze-out product of a large QCD-
plasma. Therefor the distribution of matter in the universe, as the basis for the
formation of galaxies and stars, is determined by the characteristics of the QGP.
As it will be shown later (see chapter 2.4) strong indications have been found
in experiments at the SPS and RHIC that a Quark-Gluon-Plasma is produced in
heavy-ion collisions. With the startup of the Large Hadron Collider – LHC – with
its unprecedented collision energy of 5.5TeV per nucleon pair in heavy-ion colli-
sions – which is roughly a factor of 30 larger than the highest achievable collision
energies at former accelerator experiments – the Quark-Gluon-Plasma will be ex-
plored using a large variety of observables.
1.2 Heavy ion collisions
To verify the existence of the phase transition and to prove the formation of the
Quark-Gluon-Plasma within heavy-ion collisions, physical observables have to be4 Introduction
identiﬁed, providing information on the state of the produced medium. In general
one divides these probes into two groups: soft probes and hard probes. Hard probes
denote processes with high momentum transfers. These processes happen only dur-
ing the early stages of the collisions. Due to the high momentum transfers the cross
sections can be calculated in perturbative QCD (pQCD). The scattering products
are inﬂuenced by the traversed medium, thus they carry information on the physical
properties of the medium. The following probes are regarded as hard probes:
• Quarkonia production: The production of quarkonia1 can be described in
pQCD (see section 2.2). Due to Debye-screening in the deconﬁned medium
the produced state is split up depending on the temperature of the surround-
ing medium.
• High-pT particles: High-pT particles are produced in primordial q¯ q, gg or
qq reactions with high momentum transfer. Due to the hot and dense QCD-
medium these particles are attenuated by gluonic bremsstrahlung (q + q →
q + q + g), resulting in a high-pT suppression.
A variant of this is the suppression of dijets. Two quarks or gluons are
produced in a hard collision, one of them leaves the medium directly, the
other one has to traverse the whole medium and is thus attenuated. The
undisturbed parton hadronizes and forms a jet, the other one is absorbed
in the Quark-Gluon-Plasma and is, for this reason not detected. (see [Adc01,
Adl02, Adl03])
The soft probes arise from processes happening at later production stages. At
these stages no more hard processes take place, the average momentum transfer is
low. Thus the cross sections of these probes cannot be calculated in a perturbative
approach. The information on the medium is not carried by single particles, but
by the bulk properties of all particles created in the collision. According to their
subsequent formation the following soft probes can be observed:
• Directed and elliptic ﬂow. Flow denotes the observed anisotropies in particle
emission. The anisotropies reﬂect the initial collision geometry. Hydrody-
namical models showed that the elliptic ﬂow can be sensitive to a phase
transition.
• Relative particle abundances. Relative yields of particles are ﬁxed at the so-
called chemical freeze-out2. The ratio between the different particle species
is determined by the freeze-of temperature and baryon density, thus the par-
ticle abundances carry information on these two quantities.
• Fluctuations. If the conditions within the heavy-ion collisions are such that
the state of the produced matter is close to the critical point, the hadron
multiplicity is expected to ﬂuctuate heavily from one event to another.
1Bound state of two heavy quarks, see chapter 2
2Chemical freeze-out denotes the point in a heavy-ion collisions, where no further particles are
produced and the relative abundances of particles remain constant.1.2 Heavy ion collisions 5
• Particle correlations. Particles emitted from the point of kinetic freeze-out3
undergo quantum mechanical interference effects and therefor reveal infor-
mations on the space-time evolution of the collision zone.
Historically the accessible probes were determined by the energy of the colli-
sion. Especially hard probes are only produced in measurable quantities at higher
collider energy. Consequently the study of the hard probes started at the SPS4 with
a collision energy of
√
sNN = 17GeV with detailed studies on charmonium (c¯ c)
suppression. The RHIC5 increased the collision energy to
√
sNN = 200GeV and
enabled especially the measurement on high-pT suppression. With the further in-
crease of the collision energy at the Large Hadron Collider to
√
sNN = 5500GeV
in lead-lead collisions, hard probes will be abundantly produced and for the ﬁrst
time the bottomonium (b¯ b) is produced in sufﬁciently high statistics.
3Kinetic freeze-out denotes the phase of a heavy-ion collision where the produced particles do
not interact any more, and for this reason do not change their kinematics.
4Super-Proton-Synchrotron
5Relativistic-Heavy-Ion-Collider6 IntroductionChapter 2
Quarkonia measurements in
heavy ion collisions
2.1 The discovery of quarkonia
In November 1974 a narrow resonance at 3.1GeV/c2 in the µ+µ− invariant mass
spectrum was observed [Aug74, Aub74] in proton-beryllium and electron-positron
collisions. The particle was named J/ψ. At that time the world was expected to
consist of up, down and strange quarks plus electrons and muons. In addition a
fourth quark was predicted by the GIM mechanism 1. Soon after the ﬁrst observa-
tion it became clear that the newly discovered particle consisted of the predicted
quark species, the so called charm quarks. This discovery added a new particle to
the fundamental building blocks of nature. In addition the description of the small
width of the observed peak, 93.4±1.2keV [Yao06], was one of the ﬁrst big suc-
cesses of Quantum-Chromo-Dynamics (QCD), a theory still relatively new at that
time.
Three years later another sharp resonance in the dimuon2 spectrum was dis-
covered in proton-nucleus collisions [Her77], the Υ. This time the surprise in the
physics community was not as large since the third lepton, the τ, was discovered
in the mean-time and for symmetry reasons one expected a third quark family.
The heaviest quark, the top quark, was discovered in 1995 [Abe95]. This dis-
covery completed the three quark families. Up, down and strange quarks are com-
monly called light quarks, while the charm, bottom and top are referred to as
heavy quarks. The bound state of these heavy quarks with their corresponding
anti-particle is called quarkonia. The top quark cannot form a bound state, due
1 The branching ratio of K
0 → µ
+µ− observed as Γ(K
0 → µ
+µ−)/Γ(K
0) ' 10
−7 was
smaller than expected from theoretical models around 1970. The Glashow-Iliopoulos-Maiani (GIM)
mechanism [Gla70a] describes the decay as the destructive interference between two indistinguish-
able decay channels. The destructive interference explains the small branching ratio. The additional
decay channel implied the existence of a fourth quark.
2Dimuon spectrum denotes the invariant mass spectrum of muons and anti-muons. In general the
combination of two leptons is called dilepton.8 Quarkonia measurements in heavy ion collisions
to its short lifetime of less than 10−24 s.
A heavy quark-anti-quark pair is able to form more then one bound state. Apart
from the J/ψ and the Υ more higher excited states exist, forming the so-called J/ψ
and Υ families. The description of the observed term schemes (ﬁgure 2.1 and 2.2)
is another validation of QCD.
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Given the mass of the charm quark of 1.3GeV/c2 and the QCD coupling con-
stant αQCD = 0.3, the system can be studied in a simplistic non-relativistic ap-
proach starting from the Schrödinger equation for the charm-anti-charm system

2mc −
1
mc
∇2 + V (r)

Φi(r) = MiΦi(r) (2.1)2.2 Quarkonia production 9
with a simple approach for the binding potential
V (r) = σr −
α
r
. (2.2)
This so called Cornell potential was proposed in [Eic78, Eic80]. It consists of a
Coulomb like term proportional to α
r with r being the distance between the quarks,
α = αQCD and a linear term accounting for the speciﬁc feature of QCD that
with increasing distance the potential energy also increases. σ denotes the so-called
string tension, measured as 0.16GeV2. Using this potential and the uncertainty
principle hp2ihr2i ' 1 one can determine the energy of the bound states to be:
E(r) ' 2mc +
1
mcr2 + σr −
αQCD
r
(2.3)
Minimizing E(r) with respect to r gives the radius of the ground state:
dE(r0)
dr
! = 0 = −
2
mr3
0
+ σ +
α
r0
(2.4)
WithαQCD = 0.3andσ = 0.16GeV2 andthecharmquarkmassmc = 1.3GeV/c2,
one obtains the radius of the ground state r0 = 0.36fm. With this radius the mass of
the ground state is calculated as M0 = E(r0) = 2.95GeV/c2 close to the measured
mass of 3.096GeV/c2.
More detailed models, including non-relativistic potential theory, calculate the
mass, the binding energy (∆E = 2mD,B −M0) and the radius of different quarko-
nia states (table 2.1). In addition the difference between the theoretical mass and
the measured mass is given (∆M).
Table 2.1: Radius, mass and binding energy of quarkonia calculated with a non-
relativistic theory [Sat06a].
state J/ψ ψ0 Υ Υ0 Υ00
mass [GeV/c2] 3.10 3.68 9.46 10.02 10.36
∆E [GeV] 0.64 0.05 1.10 0.54 0.20
radius [fm] 0.25 0.45 0.14 0.28 0.39
∆M [GeV/c2] 0.02 0.03 0.06 -0.06 -0.07
2.2 Quarkonia production
Now that the discovery and some of the characteristics of quarkonia have been
discussed, the production of quarkonia shall be described. We will especially focus
on predictions for production cross sections at LHC energies. These predictions are
later used as an input to the presented simulations. In general one can subdivide the
production process into two major parts:10 Quarkonia measurements in heavy ion collisions
1. Production of a heavy quark pair in hard collisions
2. Formation of quarkonia out of the two heavy quarks
Due to the high mass of the heavy quarks (mcharm ' 1.3 GeV/c2, mbottom '
4.7 GeV/c2) the ﬁrst process can happen only during the ﬁrst phase of a colli-
sion. Only at that time the elementary collisions with sufﬁciently high momentum
transfers to create such high masses take place. For this reason the heavy quark
production is a hard process that can be treated perturbatively. In next-to-leading
order (NLO) calculations the available experimental data at different energies and
collision system [Bai06] [Vog04] were described. The obtained parameters were
then used to predict the total production cross section in proton-proton collisions
at LHC energies. The charm production cross section is predicted to be 6.3mb and
the bottom production cross section 0.19mb [Vog01]. To obtain upper and lower
limits for this cross sections the parameters have been varied leading to a relatively
large range for the charm production cross section of 4-15mb and 0.08-0.34mb for
the bottom production cross section.
The second part, namely the formation of quarkonia out of the quark-anti-quark
pair can a priori not be treated perturbative. Due to the high quark masses and
the small relative velocities in the quarkonium system, the formation can be de-
scribed using non-relativistic QCD (NRQCD). This allows the factorization into
a perturbative small-range and high-momentum part and a long-ranged and low-
momentum part. In the past years especially three models were developed, namely
the Color Singlet Model (CSM) [Ber80, Cac96], the Color Octet Model [Bra94,
Cho95a,Cho95b]andtheColorEvaporationModel(CEM)[Fri77,Amu95,Amu96].
The quarkonia formed out of the two quarks has to be color neutral. Since
in principal the two heavy quarks are not necessarily carriers of one color and
the corresponding anti-color, the combination might be colored3. The Color Sin-
glet Model rejects all color octet states, in the NRQCD factorization the produced
quarkonium has the same quantum numbers as the quark-anti-quark pair. Predic-
tions by the CSM for the production of quarkonium in p¯ p at Tevatron underesti-
mated the data by an order of magnitude, thus it was clear that the color octet states
cannot be neglected.
The Color Octet model considers the octet states, within the model quarkonium
is only produced in an octet and thus colored state. The pre-resonant colored state
neutralizes its color by the emission of a soft gluon. The Color Octet Model was
able to reproduce the production cross section but failed in the description of the
observed J/ψ polarization [Aff00].
3The symmetry group of QCD is the SU(3). The fundamental description of this group are
the color triplets R, G, B and their adjunct descriptors ¯ R, ¯ G, ¯ B. Out of these triplets one
can form 3
N
3 = 8
L
1 combinations, one octet and one singlet. The colored octet states are:
R ¯ G, R ¯ B, G ¯ R, G ¯ B, B ¯ R, B ¯ G,
q
1
2(R ¯ R − G ¯ G),
q
1
6(R ¯ R + G ¯ G − 2B ¯ B). The color neutral
singlet is:
q
1
3(R ¯ R + G ¯ G + B ¯ B).2.3 Quarkonia in hot quark matter 11
Figure 2.3: pT-dependent production of J/ψs and Υs as measured by the CDF
experiment [Abe97a, Abe97b, Aco01] (circles) and compared to predictions by
the Color Evaporation Model with two different parameter sets (solid+dotted).
As an expansion the Color Evaporation Model was developed from the Color
Octet Model. The evaporation of the surplus color happens via many different pro-
cesses, not only by the emission of a soft gluon. This large number of processes
results in a relatively large number of parameters, that have to be determined by the
comparison to existing data. Although the tuning of the model to the data works
well (see ﬁgure 2.3), the large number of free parameters limit the predictive power
of the CEM. Nevertheless it is the best available approach for describing the avail-
able measurements and it is used for the predictions of the cross sections for LHC
energies.
In this approach the parameter sets matching the CDF data are taken to extrap-
olate the cross sections to LHC energy of 14TeV (pp) and 5.5TeV/A (PbPb). The
resulting cross sections as they will be further used in this thesis are given in table
2.2. The production cross sections include two effects, that have not been discussed
so far: the expected feed-down and the branching ratio into dielectrons. Feed-down
denotes the effect that the observed cross section of, for example of the J/ψ, is a
composite of directly produced J/ψs and J/ψs originating from decays of heavier
particles (e.g. Bs
0 → J/ψ + π0). Since quarkonia are usually measured via the
decay to dileptons, the probability to decay into dielectrons, or dielectron branch-
ing ratio, is included. Although uncertainties are not given at this point one should
keep in mind that these production cross sections vary as much as the elementary
charm-anti-charm and bottom-anti-bottom production cross sections.
2.3 Quarkonia in hot quark matter
In 1986 for the ﬁrst time quarkonia were suggested to be used as a probe for the
matter created in heavy-ion collisions [Mat86]. One can distinguish two different
scenarios for the created matter. The ﬁrst scenario assumes that the energy density
was not sufﬁcient to dissolve the hadrons, contained in the colliding nuclei, this12 Quarkonia measurements in heavy ion collisions
Table 2.2: Predictions for the cross sections for quarkonia at the LHC by the CEM.
The cross sections include the branching into dielectrons as well as feed down from
higher states. All numbers are given in µb [Ale06b].
System
√
s J/ψ ψ0 Υ Υ0 Υ00
proton-proton 14TeV 3.18 0.057 0.02 0.005 0.003
proton-proton 5.5TeV 1.83 0.033 0.009 0.002 0.0013
lead-lead 5.5TeV 48930 879 304 78.8 44.4
scenario is called the hadron gas, since the system is expected to behave similar
to an hot gas. The second scenario is the so-called Quark-Gluon-Plasma, here the
energy density is large enough to dissolve the hadrons and a relatively large zone
of free quarks and gluons is created, similar to an electromagnetic plasma con-
taining free electrons and ions. The aim is to ﬁnd a probe which is sensitive to
the surrounding matter. The measurement of quarkonia production is seen as an
almost ideal probe for three reasons: Quarkonia are, due to the high quark masses,
produced within the ﬁrst stages of the collision, such that the initial production is
not affected by the produced medium. The second reason is that some quarkonia
states have a rather large probability to decay into dileptons, which do not interact
strongly and are thus not modiﬁed by the medium they traverse. And the third and
dominant reason is that quarkonia are expected to be highly sensitive on whether
the surrounding medium consists of deconﬁned matter or not, which is described
in the following.
A hadron gas is, since it consists of hadrons, color neutral and one would ex-
pect quarkonia to be produced in a comparable way as observed in proton-proton
or proton-nucleus collisions. The dominant interactions between produced quarko-
nia and the medium would be scattering off nucleons and pions. These scattering
processes can lead to the dissociation of the quarkonium state. Since the cross sec-
tions of these processes are hardly known and also the theoretical predictions range
from 0.1 to 8mb, the effect of these processes has to be evaluated by comparison
to collisions of smaller systems and extrapolation to heavy-ion collisions. All of
these effects are usually called Cold-Nuclear-Matter effects.
Assuming that a Quark-Gluon-Plasma was created means that the hadrons melt
and deconﬁned quarks and gluons are able to move freely within a volume of a few
fm3. This medium is not color neutral, since a lot of free color charges exist, it is
a color conductor. For this reason one expects similar effects to the ones observed
within an electromagnetic plasma: due to the existence of free charge carriers the
potential between two charges gets screened and thus any binding is weakened or
split. Analogous to a Coloumb potential where this effect is called Debye screening2.3 Quarkonia in hot quark matter 13
the previously mentioned Cornell potential (2.3) of the form
V (r) = σr −
α
r
(2.5)
is modiﬁed to
V (r) = σrD
(
1 − e
− r
rD
r
rD
)
−
α
r
e
− r
rD (2.6)
with rD as Debye screening radius. The value of this radius depends on the tem-
perature of the produced system. Qualitatively one could say that as soon as the
DeBroglie wave-length of a charge carrier (λ = h
p) is comparable to the radius of
the bound object, the potential gets screened and the binding starts to break up.
The wave-length of the charge carriers depends on the average kinetic energy and
thus on the temperature of the medium. More quantitative approaches study the
screening in lattice calculations [Dig01]. In these calculations a different approach
for the potential is used:
V (r,T) = U(r,T) = F(r,T) − T(∂F/∂T) ' F(r,T) (2.7)
With U(r,T) as the internal energy of a Q ¯ Q pair, F(r,T) as the free quark energy
and −T(∂F/∂T) as entropy term, for which lattice calculations suggest that it can
be neglected. Using this approach the corresponding Schrödinger equation can be
solved. The results are shown in ﬁgure 2.4. By increasing the temperature of the
surrounding medium the slope of the linear part of the free quark energy decreases
and the radius of the bound states increases until no more bound states exist.
As already shown in table 2.1 the radius of the various quarkonia states is in-
verse proportional to the binding energy – weakly bound states have a large radius
and vice versa. Given the dependence of the screening radius on the temperature
of the medium, one expects the various quarkonia states to melt depending on the
temperature of the medium. Indeed lattice calculations [Kar05] imply that different
quarkonia states melt at different temperatures. In this respect the measurement of
the individual states is referred to as a QCD thermometer. The calculated quarko-
nium dissociation temperatures with respect to the critical temperature are shown
in table 2.3.
Table 2.3: Quarkonium dissociation temperatures Td with respect to the critical
temperature Tc [Dig06].
state J/ψ χc ψ‘ Υ χb Υ‘ χb Υ“
Td/Tc 2.10 1.16 1.12 >4.0 1.76 1.60 1.19 1.17
From this table one can see that except from the ground states, J/ψ and Υ, the
quarkonia states vanish at temperatures close to the critical temperature. Since the
total cross section of the quarkonia ground state consists of the production of the
ground state plus the feed-down from the decay of heavier quarkonia, the measured14 Quarkonia measurements in heavy ion collisions
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Figure 12. String breaking potential and interaction range at different temperatures.
In summary, starting from T = 0, the Q ¯ Q probe ﬁrst tests vacuum string breaking, then
a screening-like dissociation through recoupling of constituent quarks, and ﬁnally genuine
colour screening. In ﬁgure 11, we show the behaviour obtained in full two-ﬂavour QCD for
the colour singlet Q ¯ Q free energy as a function of r for different T [25].
It is evident in ﬁgure 11 that the asymptotic value F( ,T), i.e., the energy needed to
separate the Q ¯ Q pair, decreases with increasing temperature, as does the separation distance
at which ‘the string breaks’. For the moment, we consider the latter to be deﬁned by the point
beyondwhichthefreeenergyremainsconstantwithinerrors, returninginsection4.3toamore
precise deﬁnition. The behaviour of both quantities is shown in ﬁgure 12. Deconﬁnement is
thus reﬂected very clearly in the temperature behaviour of the heavy quark potential: both the
string breaking energy and the interaction range drop sharply around Tc. The latter decreases
fromhadronicsizeintheconﬁnementregiontomuchsmallervaluesinthedeconﬁnedmedium,
where colour screening is operative.
The in-medium behaviour of heavy quark bound states thus does serve quite well as probe
of the state of matter in QCD thermodynamics. We have so far just considered Q ¯ Q bound
states in general. Let us now turn to a speciﬁc state such as the J/ . What happens when the
range of the binding force becomes smaller than the radius of the state? Since the c and the ¯ c
can now no longer see each other, the J/  must dissociate for temperatures above this point.
Hence the dissociation points of the different quarkonium states provide a way to measure the
Figure 2.4: The free quark energy F(R,T) versus the distance times the string
tension between the quarks R σ1/2 for different temperatures. The slope of the
linear part of the potential decreases with increasing temperature and thus reﬂects
theexpectedscreeningofthetwoheavyquarksbytheexistenceoffreecolorcharge
carriers [Kac03].
cross section of the ground state is affected as soon as the higher excited states are
affected by the plasma.
Another effect that can inﬂuence quarkonia production in heavy-ion collisions,
is the recombination of individually produced charm and anti-charm quarks. Due
to the large yield of about 100 c¯ c pairs, produced in one central lead-lead event
at the LHC, there is a certain probability that charm quarks form quarkonia at the
last stage of the collision, were the temperature drops below the critical one and
the hadrons freeze-out (chemical freeze-out). This effect will be discussed in more
detail in section 2.4.3.
2.4 Experimental status
Currently measurements of quarkonium in heavy-ion collisions are only available
for the lighter c¯ c systems J/ψ and ψ0. Production cross sections for b¯ b states could
not be measured since the collision energy at available colliders was not sufﬁcient
to produce these states in measurable quantities. Only one attempt was made to
measure Υ’s at the STAR experiment using the High Level Trigger system to en-
hance the rate of measured Υ’s [Kol06]. This situation will change signiﬁcantly
with the start-up of the LHC. For comparison the expected yields per central col-
lision of c¯ c and b¯ b at SPS, RHIC and LHC are given in table 2.4. This yield is
proportional to the amount of produced quarkonia, thus one can expect to detect2.4 Experimental status 15
Table 2.4: Number of heavy quark-anti-quark pairs per central collision (b=0) for
SPS, RHIC and LHC energies.
SPS RHIC LHC
√
s=17AGeV
√
s=200AGeV
√
s=5500AGeV
Nc¯ c (b=0) 0.2 10 120
Nb¯ b (b=0) — 0.05 5
Υ’s in a similar way as J/ψ’s at RHIC.
Theaimistoobserveasuppressionthatcanbeinterpretedasaresultofquarko-
nium dissociation in the deconﬁned medium. Since the amount of deconﬁned mat-
ter should be proportional to the energy density of the produced system, a suppres-
sion should be visible with respect to a quantity representing the energy density.
Most of the measurements relate the quarkonium production with either the num-
ber of participants Npart or with a parameter L, representing the length of the way
from the parton collision point through the nuclear matter. Both quantities can be
determined via Glauber model calculations (see section 4.2) and reﬂect the energy
density achieved in the collision.
To observe a deviation a reference process deﬁning the normal or expected
behaviour has to be chosen. Basically there are two different approaches for this
reference process: The ﬁrst approach relates the observed quarkonia production to
a different process measured simultaneously. An example is the Drell-Yan process
(q¯ q → l+l−) as it is used as a reference at the SPS experiments. The Drell-Yan
process is a hard process, meaning that it includes large momentum transfers of
more than 1GeV/c. The necessary momentum transfers only take place during
the ﬁrst phases of the collision, thus the cross section of the Drell-Yan process is
expected to scale with the number of initial binary collisions. Since the Drell-Yan
process is in addition expected not to be affected by a deconﬁned medium, the ratio
between the two processes shall be constant if the charmonium production is not
affected by the medium. If charmonium production is affected, the ratio is expected
to decrease with increasing centrality.
The second approach, followed at RHIC, reﬂects the general question underly-
ing any heavy-ion research: How do the observations change when comparing bi-
nary proton-proton collisions to the collision of two nuclei? A naive model would
predict, that the cross sections for hard processes of two colliding nuclei A and B
can be described as A × B proton-proton collisions. More reﬁned models include
the geometry of the colliding nuclei and use the number of collisions as a scaling
variable. For charmonium production the nuclear modiﬁcation factor is deﬁned:
RAA =
dN
J/ψ
AA
dydpT
hNcolli ·
dN
J/ψ
pp
dydpT
(2.8)16 Quarkonia measurements in heavy ion collisions
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Figure 2.5: Setup of the NA50 experiment located in the north area of CERN.
The spectrometer consists of a target region, a hadron absorber to remove almost
all hadronic background, a dipole magnet to bend the muon tracks and of course
trigger and tracking chambers for muons. The setup of the NA60 experiment is
almost identical the most important change was the installation of a silicon pixel
detector in front of the absorber.
It denotes the ratio of J/ψ production in nuclear collisions dN
J/ψ
AA and proton-
proton collisions dN
J/ψ
pp . The proton-proton yield is scaled by the averaged num-
ber of collisions < Ncoll > estimated by Glauber model calculations [Gla87]. By
deﬁnition if no nuclear modiﬁcation, meaning no medium effect, is present, one
expects RAA = 1. Any deviation from one can then be attributed to the produced
medium.
The existing experimental status of J/ψ and ψ0 shall be described in the fol-
lowing. The measurements performed by the three ﬁxed target experiments NA38
[Hug92], NA50 [Abr91] and NA60 [Bal00] and the measurements of the collider
experiment PHENIX [Adc03] are brieﬂy described and the most prominent theo-
retical models and their possible implications for the LHC will be discussed.
2.4.1 SPS measurements
Charmonium production in heavy-ion collisions has been measured at the SPS
at three experiments, NA38, NA50 and NA60, over a period starting from 1986
(NA38) until today (NA60). All of the three experiments are designed to measure
charmonium via its dimuon decay channel. Since NA50 is the successor of NA38
and NA60 the successor of NA50, the experimental setups are very similar (even
the NA38 muon spectrometer was inherited from NA10). In ﬁgure (2.5) the setup
of the NA50 detector is shown.
The main parts of the original NA38 experiment are a hadron absorber, to sup-
press any non-muonic background, a toroid magnet for momentum measurement,
a muon trigger in front of the magnet and tracking chambers behind. For the NA50
experiment a Zero-Degree-Calorimeter (ZDC) inside and in front of the absorber2.4 Experimental status 17
an electromagnetic calorimeter were added to improve the selection on centrality.
With the transition to the NA60 experiment a silicon pixel detector was installed
in front of the absorber to enable a precise measurement of the interaction vertex
(resolution 200µm in z and 20µm in xy-direction). Finally a vacuum target cell
was added to suppress beam gas interactions which could be mistaken as peripheral
collisions.
1989 a J/ψ suppression was reported by the NA38 experiment [Bag90]: Here
oxygen-uranium (O-U) collisions with an incident energy of the oxygen beam of
200GeV per nucleon, resulting in a collisions energy of
√
s =20GeV per nucleon
were examined. Figure 2.6 shows the measured J/ψ yield normalized to the num-
ber of dimuons in the mass region m=2.7-3.5GeV/c2 as a function of the measured
transverse energy (ET) as a measure for centrality.
Asimilarpatternwasobservedlaterinsulphur-uranium(S-U)collisions[Bag91].
In the picture of charmonium dissociation one would expect this ratio to remain
constant with centrality if charmonium is not suppressed. With increasing central-
ity, the nuclear matter is more and more compressed, at some point a volume of
deconﬁned matter forms, containing free color charges. Due to these charges the
charmonium binding potential is screened and the bound state is dissolved and the
measured J/ψ production decreases with respect to the reference process.
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than  1.7 GeV/c 2. The fall of the spectrum in the low 
ET  region,  which  corresponds  to  peripheral  colli- 
sions, is due to the muon pair trigger and to the re- 
quirement of subtarget identification, which both fa- 
vour central collisions. Figs. 5a and 5b show the fitted 
mass  spectra  in  the  two  extreme  intervals,  Ex<34 
GeV and ET> 85 GeV. 
Table  1 gives the values of S and Mc for the six ET 
intervals, as well as the ratios R of the different val- 
ues of S relative to the one obtained in the lowest ET 
interval (ET < 34 GeV). Fig. 6 displays the evolution 
of S with ET. The values of S show a clear decrease of 
the j/u/production  relative to the continuum with 
increasing  transverse  energy.  The  value  of  R  for 
Ex> 85 GeV is R=0.52_+0.09. The values of S will 
obviously change after acceptance correction. How- 
ever,  a  preliminary study indicates  that  this  accep- 
tance correction does not affect significantly the evo- 
lution of S and R with ET. It should be pointed out 
that  results  are  unchanged if the  lower limit  of the 
fitted mass interval is moved from  1.7 to 2.1  GeV/ 
c 2, whereas the signal to background ratio increases 
,-> 
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Fig. 6. The evolution  of S=N,e/N¢ as a function of Ex. 
by a factor of two. Furthermore, a significant residual 
contamination of background events would change 
the shape of the continuum spectrum in the different 
Ev bins, in contradiction with the observed stability 
of Me.  It is therefore unlikely that the observed ET 
dependence is due to an inadequate background sub- 
traction procedure. 
The J/U/suppression has been predicted as an un- 
ambiguous signature of the quark-gluon plasma for- 
mation [ 2 ]. Several calculations have also been made 
recently to explain our results. They are based either 
on final state interactions  [12]  or on distortions of 
the initial state in a nuclear environment [ 13 ]. These 
different  interpretations  will  have  to  be  compared 
with  experimental  data obtained with  other projec- 
tiles and targets in a study including other variables, 
in particular the transverse momentum of the muon 
pair. 
In conclusion, the study of J/U/production in 200 
GeV/nucleon  oxygen-uranium  interactions  shows 
that the ratio S of the number of J/u/'s over the num- 
ber of muon pairs in  the mass continuum between 
2.7 and 3.5 GeV/c 2 decreases with increasing trans- 
verse energy, i.e.  with increasing energy density.  In 
particular, S changes by a factor 0.52 _+  0.09 between 
our  two  extreme  Ev  intervals.  Although  the  J/U/ 
suppression has been predicted as a signature of QGP 
formation, it is not excluded that alternative mecha- 
nisms could explain, at least partly, our experimental 
results. 
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The measured data have been
rescaled to 158GeV/nucleon
and for proton-proton isospin.
The ET data set was used for
the Pb-Pb points
over the whole transverse area of the collision, evaluated
with the Bjorken formula:
  =
dET/d |max
c AT
,
whereAT istheoverlapareainthetransverseplaneand  is
the formation time, assumed to be 1fm/c. We obtained the
total transverse energy scaling up the measured (neutral)
ET by a factor 3. The di erent rapidity coverages of the
NA38 and NA50 electromagnetic calorimeters have been
taken into account, knowing that the dET/d  distributions
depend on the collision centrality.
This ﬁgure shows that the departure from the normal
nuclear absorption curve sets in for energy densities around
2.5GeV/fm3, just above the values reached in the most
central S-U collisions. The absorption curves for S-U and
Pb-PbintheleftpanelofFig.9areslightlydi erentbecause
the relation between energy density and L (obtained from
the Glauber calculation) depends on the colliding nuclei.
5 Discussion
We discuss ﬁrst the statistical and systematical errors of
the Pb-Pb 2000 results. Statistical errors in a given cen-
trality bin, coming from the ﬁt to the mass spectrum, are
in the range 5.5–8%, and are, of course, dominated by the
Drell-Yan statistics. We have evaluated the systematic er-
rorscomingfromseveralsources(fordetailssee[15,22,35]):
(i) variation of the mass ﬁt starting point, (ii) variation
of the level of the muon target cut, (iii) variation of the
ET–EZDC correlation cut from ±3  to ±2 , (iv) use of a
counting technique using the number of signal events in
the mass ranges 2.9–3.3 and 4.2–7.0GeV/c2, with subtrac-
tion of the number of Drell-Yan events in the ﬁrst mass
range. The point-to-point systematic error from the above
sources was found to be negligible when compared to the
statistical error.
Another systematic e ect comes from the choice of
PDFs for the Drell-Yan process (inﬂuencing both the mass
ﬁt and the acceptance calculation), which a ects the over-
all normalization of our results while leaving unchanged
the shape of the suppression pattern as a function of cen-
trality. We have compared our standard choice of PDF
(GRV 94 LO) with more recent PDFs computed at lead-
ing order, namely GRV 98 LO [39], MRST (central glu-
ons) LO [40] and CTEQ 5L [41]. We have studied the e ect
ofchangingtheDrell-Yanfunctionalformwhilekeepingthe
same normalization in the 4.2–7.0GeV/c2 mass region, as
imposed by our data. The maximum change in the Pb-Pb
Figure 2.7: The J/ψ suppression pat-
tern as measured by the NA50 experi-
ment [Ale04]. The solid line indicates
the normal nuclear absorption as ex-
pected from comparison to proton nu-
cleus data. A clear anomalous suppre-
sion is observed for L > 7.5fm.
Not only the dissociation due to deconﬁned matter is able to explain the de-
creasing charmonium production, also charmonium can be dissolved due to inter-18 Quarkonia measurements in heavy ion collisions
actions with nucleons. As pointed out in [Kha96] the observed suppression can
be explained by the breakup of charmonium caused by scattering off nucleons.
Thus the observed suppression pattern is caused by conﬁned nuclear matter. There-
for it should be observable in collisions of smaller systems like proton-nucleus or
deuterium-nucleus collisions. Indeed a detailed analysis of experimental data esti-
mates the absorption cross section as σabs = 7.3±0.6mb [Kha96]. Currently one
believes, that the matter created in S-U collisions at 200GeV per nucleon is still
conﬁned - the energy density is not sufﬁcient to melt the nucleons.
Since the complete dimuon continuum in the J/ψ mass range cannot be pre-
dicted from theory, the NA50 experiment compared the charmonium production to
the Drell-Yan (q¯ q → l+l−) process, where the cross section can be predicted using
the measured parton distribution functions. The disadvantage of choosing this ref-
erence is that the cross section for the Drell-Yan process is lower than the one for
J/ψ production and thus the statistical error of the presented data is dominated by
the Drell-Yan process. Figure 2.7 shows the measurement of the NA50 experiment
[Ale04].
The ratio of produced dimuons from J/ψ’s to dimuons from the Drell-Yan
process is plotted as a function of the length L of traversed nuclear matter. L is
obtained from a Glauber model calculation [Kha96] [Abr02] and directly related to
the centrality of the collision. The solid line represents the suppression as obtained
from proton-proton and proton-nucleus collisions. Thus the line shows the amount
of suppression due to nuclear absorption, that cannot be related to dissociation due
to deconﬁnement. A clear deviation from this line can be observed for L > 7.5fm.
At this centrality the energy density is sufﬁciently high to create deconﬁned matter,
leading possibly to dissociation of charmonium beyond the dissociation by nucleon
scattering.
To determine the energy density necessary to melt charmonium, measurements
on smaller systems have been performed. Although the maximum achievable en-
ergy density is smaller than in collisions of larger nuclei, smaller systems enable a
higher resolution centrality scan. The results are shown in ﬁgure 2.8, left, [Sco07].
The J/ψ/Drell-Yan production is plotted as a function of the number of partici-
pants in the collision. The data is normalized to cold matter effects. A suppression
exceeding the nuclear suppression is seen starting from 80 participants on. In ﬁgure
(2.8, right) the data is compared to the results of the NA50 experiments from lead-
lead collisions of the same energy of 158GeV/nucleon. For peripheral collisions
the ratio of measured/expected J/ψ yield is as expected, close to one, any observed
dissociation is attributed to cold nuclear effects. For more central collisions a clear
deviation from the expected behavior is observed, with good agreement between
the In-In and the Pb-Pb data.
So far only results for J/ψ were presented. Measurements of ψ0 are shown
in ﬁgure 2.9. All the measurements suffer from the signiﬁcantly lower statistics
accumulated for the ψ0. The lower yield of the ψ0 compared to the J/ψ is not
only due to the lower production cross section, but dominantly due to the lower
branching into dileptons (σψ0→l+l−=0.73% compared to σJ/ψ→l+l−=5.9%).2.4 Experimental status 19
J/  production in In-In and p-A collisions 3
the statistical errors are negligible ( 2%, with the chosen centrality binning) a careful
estimate of the systematic errors is mandatory [11]. It turns out that there is a   10%
error, independent of centrality, essentially due to uncertainties in the Glauber model
parameters and in our knowledge of the inputs that enter in the nuclear absorption
calculation. On top of that, (small) uncertitudes on the link between EZDC and the
number of participant nucleons Npart, due to the contribution of non-spectator energy
to the measured signal, induce a non-negligible systematic error for very central events.
Of course, most e ects discussed here also a ect the determination of  J/ / DY, although
their e ect in absolute terms is in this case much less important. The result plotted in
Fig. 1(left) clearly indicates an anomalous suppression of the J/  yield for Npart > 80,
with a saturation of the e ect for central In-In collisions. In Fig. 1(right) we compare the
suppression pattern obtained by NA60 with the NA50 results for Pb-Pb collisions [2].
Within errors, the two behaviours look compatible, showing that Npart could be a good
scaling variable for the onset of the anomalous suppression.
part N
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Figure 1. (left) Centrality dependence of the J/  suppression measured in In-In
collisions. The stars correspond to the ratio between measured and expected  J/ / DY,
while the circles refer to the ratio between the measured J/  yield and nuclear
absorption calculations. Systematic errors are also shown. (right) Comparison between
the In-In (NA60, circles) and Pb-Pb (NA50, triangles) suppression patterns.
Several theoretical predictions for the In-In suppression pattern were formulated
before the NA60 experimental results became available. They include a model where
the anomalous suppression is due to interaction with hadronic comovers [6], another
where the e ect of dissociation and regeneration in a fully thermalized QGP and in the
later hadronic stage is considered [12], and ﬁnally a model where parton percolation
occurs, with an onset at Npart  140 [5]. It is interesting to note that although these
models were explicitely tuned on the already available Pb-Pb results, none of them, as
can be seen in Fig. 2(left) is able to quantitatively reproduce the In-In points (even if the
overall size of the e ect is reasonably reproduced). More recently, a study of the e ect
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where the e ect of dissociation and regeneration in a fully thermalized QGP and in the
later hadronic stage is considered [12], and ﬁnally a model where parton percolation
occurs, with an onset at Npart  140 [5]. It is interesting to note that although these
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Figure 2.8: The left panel shows the centrality dependence of the J/ψ suppression
for In-In collisions at 158GeV/nucleon measured by NA60. The circles correspond
to the measured J/ψ yield divided by cold nuclear matter effects calculations. The
stars correspond to the ratio between measured and expected σJ/ψ/σDrellY an. The
right ﬁgure shows a comparison between the NA60 In-In and the NA50 Pb-Pb data
[Sco07].
From ﬁgure 2.9 one can conclude that a similar suppression is seen for the ψ0
compared to the J/ψ only the onset of the anomalous suppression is already at
L =4fm and thus happens at a lower energy density. It seems as if the melting of
higherexcitedcharmoniumstatessetsinalreadyclosetoTC –thegroundstatemay
survive up to higher values of TC and thus up to higher energy densities (compare
section 2.3).
2.4.2 RHIC measurements
ThequarkoniameasurementsatRHICareperformedbythePHENIXcollaboration
[Ada06b]. The experimental setup is shown in ﬁgure 2.10. The experiment consists
of a central part with the central magnet, a Cherenkov detector, drift chambers and
electromagnetic calorimeters. The central part with a rapidity coverage of |η| <
0.35 is dedicated to the measurement of quarkonia decaying into dielectrons and
the two arms with a rapidity coverage of 1.2 < |η| < 2.2 measure quarkonia
decays into dimuons. The azimuthal coverage of the central part is 2× 90◦, the
muon arms have full azimuthal coverage.
To cleanly track and identify the muons each of the two arms consist of a mag-
net, tracking chambers, a steel absorber and straw tubes for muon identiﬁcation.
PHENIX is able to detect quarkonia in central and forward rapidities in two differ-
ent decay channels which allows for cross-checks between different results.
PHENIXhasaccumulateddataondifferentcollisionenergies(
√
sNN =62GeV
and 200GeV) as well as different collision systems (p-p, d-Au, Cu-Cu and Au-Au)
[Ada06b, Adl03b]. To show the effect of the nuclear medium the J/ψ production20 Quarkonia measurements in heavy ion collisions
a two-parameters Fermi function [27], also known as the Woods-Saxon distribution,
 (r) =  0/(1 + exp((r   r0)/c)), where  0 is the average nuclear density, taken as
0.17 fm 3, r0 is the half-density radius of 6.624 fm and c is a di useness parameter
of 0.549 fm for protons. Taken into account the “neutron halo” e ect [28, 6] a dif-
ferent di useness parameter (0.667 fm) is used to describe the neutrons distribution
inside the Pb nucleus. The same model has been applied to the U nucleus, with a
half-density radius of 6.8054 fm and di useness parameters of 0.605 fm for protons
and 0.786 fm for neutrons. The actual shape of the U nucleus is not taken into ac-
count. Figure 5 shows the ratio B 
µµ (  )/ (DY) as a function of L. The measured
suppression patterns suggest the following three features: a) a fair agreement with
exponential behaviours; b) two di erent regimes, one for proton and a di erent one
for ion-induced reactions; c) a similar centrality dependence for S-U and Pb-Pb inter-
ations. Using an exponential parametrization to describe    absorption as a function
of L [29], according to exp(   L  abs), the ﬁt of the data gives an absorption cross-
section of 7.3 ± 1.6 mb in p-A collisions, while a much higher value, 19.2 ± 2.4 mb,
is obtained for ion-ion collisions (S-U and Pb-Pb ﬁtted simultaneously). The left
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Figure 5: B 
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panel of Fig. 6 shows the same ratio as a function of the number of participants. By
deﬁnition, a nucleon is designated as participant if it has at least one inelastic inter-
action with one or more surrounding nucleons. For this work the calculation of Npart
has followed eq. 9 of Ref. [30]. It is worth mentioning that, at SPS energies, several
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indications on the J/  polarization. This information is related to the charmonium
formation mechanism [18] and may be a ected by the presence of a deconﬁned
medium [19]. From the experimental point of view, the J/  kinematical distributions
have been obtained by performing a 3-D acceptance correction. Events were generated
with a ﬂat distribution in pT,y,cos H ( H is the decay angle of the µ+, taken in the
charmonium rest frame, with respect to the J/  direction in the CM system), tracked
and reconstructed in the set-up. A di erential acceptance has then been calculated in
narrow bins (0.1 GeV/c in pT, 0.05 units in y and 0.1 in cos H). Finally, the acceptance
correction has been performed in the kinematical domain where it is larger than 1%.
The whole procedure has been successfully tested on Monte-Carlo generated sample
distributions; furthermore, the e ect of the  3% background below the J/  peak has
been found to be negligible. In Fig. 3(right) we show the acceptance corrected pT
distributions, integrated over centrality and for various centrality bins. The plots refer
to the kinematical region 0.1< yCM <0.9, -0.4< cos H <0.4. By ﬁtting the distributions
with the function 1/pTdN/dpT = e mT/T we obtain T values increasing with centrality
and ranging from 204 to 234 MeV. For the centrality integrated distribution we get
T=231±2 MeV. In Fig. 4(left) we show the increase of  pT 2
J/  with centrality. The
In-In points are compared with Pb-Pb results obtained by NA50 [20]. Both data sets
show a roughly linear increase of  pT 2
J/  with L. Such a pT broadening is consistent
with the occurrence of initial-state multiple scattering of the gluon. In Fig. 4(right) we
show the centrality integrated y distribution of the produced J/ , where the points on
the plot are obtained for 0< pT <5 GeV/c, -0.4< cos H <0.4. The distribution is well
reproduced by a gaussian ﬁt, with  y=0.68±0.02. Although not shown here, we ﬁnd no
Figure 2.9: The ratio between ψ0 production σ(ψ0) times the branching into muons
Bµµ and the Drell-Yan reference process σ(DY ) as measured by the NA50 and
NA60 collaborations at various energies and in different collisional systems. The
lines indicate the calculated absorption due to cold nuclear matter effects. With
increasing amount of traversed nuclear matter the amount of measured ψ0 shows
an anomalous suppression with respect to measured Drell-Yan reactions. [Ale06a,
Sco07]
17
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J/    µ+ µ- 
p > 2GeV/c
 1.2 < |y| < 2.2
    = 2 
J/    e+ e-
p > 0.2GeV/c
 | | < 0.35
    =  
Figure 2.10: Setup of the PHENIX experiment. The experiment is designed to mea-
sure quarkonia via the dilepton decay mode. The central part (|η| < 0.35) measures
J/ψ → e+e− and the two arms (1.2 < |η| < 2.2) measure J/ψ → µ+µ−.
measured in proton-proton reactions is used as the reference process.
Figure 2.11 shows the observed suppression pattern observed by PHENIX in
Au-Au and Cu-Cu collisions. R
J/ψ
AA as deﬁned in equation 2.8 is shown as a func-2.4 Experimental status 21
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2. PHENIX Experiment and Data Analysis
The PHENIX experiment consists of two central arm spectrometers, each of which covers
the pseudo-rapidity range | | < 0.35 and 90 degrees in azimuthal angle, and two forward
spectrometers covering 1.2 < | | < 2.4 with full azimuthal acceptance [5].
The J/  yield is obtained from the unlike-sign dilepton invariant mass spectrum
after subtracting combinatorial background using an event mixing method for each
centrality class, transverse momentum and rapidity bin. Finally, the numbers of
reconstructed J/ ’s are  1000 for the di-electron channel and  4500 for the di-muon
channel in minimum bias Au+Au collisions. The invariant J/  yield is extracted
by correcting the number of recorded events for the acceptance and e ciency of the
spectrometers [6]. The J/  yield measured in 2005 p + p collisions at
 
s=200 GeV [7]
was used in the calculation of RAA for Au+Au collisions.
3. Results
Fig. 1 (left) shows RAA of J/  as a function of the number of participants Npart in
Au+Au (circle symbols) and Cu+Cu collisions (square symbols) at mid-rapidity (closed
symbols) and at forward-rapidity (open symbols). RAA is similar between mid-rapidity
and forward-rapidity up to Npart   100 and stronger suppression is observed at forward-
rapidity for Npart   100. Fig. 1 (right) shows the ratio of RAA at forward-rapidity to
that at mid-rapidity, which goes down to  0.6 for Npart   100.
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Figure 1. Left: RAA of J/  as a function of the number of participants Npart
in Au+Au (circle symbols) and Cu+Cu collisions (square symbols) at mid-rapidity
(closed symbols) and at forward-rapidity (open symbols). Right : Ratio of RAA at
forward-rapidity to that at mid-rapidity in Au+Au collisions.
The left and middle panels of Fig. 2 show comparison of RAA in Au+Au collisions to
the models involving only the dissociation of J/  by comoving partons and hadrons and
by thermal gluons, respectively [10, 11, 12]. These models overestimate J/  suppression
observed at mid-rapidity at RHIC. The predictions, which take into account the
Figure 2.11: RAA as a functions of the number of participants as measured by
PHENIX in Au-Au (circles) and Cu-Cu collisions (squares) [Gun07].
tion of the number of participants. The J/ψ production is suppressed for large
numbers of participants. Since cold nuclear matter effects are not subtracted here
the observed suppression cannot be attributed to the dissociation of quarkonia in
the deconﬁned medium alone. In ﬁgure 2.12 the ratio of RAA versus cold nuclear
matter effects (CNM) [Adl05a] is shown. For comparison also the J/ψ produc-
tion data by NA50 and NA60 is included. For lower energy densities the data from
SPS and RHIC agree quite well, while for higher energy densities the suppres-
sion observed at RHIC clearly exceeds the maximal suppression observed at SPS
of RAA/CNM = 60%, this can be attributed to the higher energy density pro-
duced in RHIC collisions (compare appendix A: 0(SPS) ≈ 3GeV/fm3, 0(RHIC)
≈ 5GeV/fm3).
PHENIX is able to measure J/ψ production at forward and mid rapidity. Fig-
ure 2.13 shows the J/ψ RAA in four different centrality bins as a function of the
rapidity (y). While RAA is almost constant for peripheral collisions (centrality bins
40-60% and 60-92%), the central collisions show a clear difference between for-
ward and mid rapidity. The suppression of J/ψ production is signiﬁcantly lower in
forward/backward direction compared to the observed suppression at mid rapidity.
This phenomenon could so far not be explained by current quarkonia production
and suppression models.22 Quarkonia measurements in heavy ion collisions
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recombination of J/  from c¯ c pairs in the medium or at hadronization stage, are shown
in the right panel of Fig. 2 [11, 12, 13, 14, 15]. They match the data better than the
models with dissociation only. However, charm production and its modiﬁcations in
Au+Au collisions, which are input information for recombination scenario, are unclear
and need to be understood. From the experimental side, measurement of J/  azimuthal
anisotropy will provide useful and direct information on recombination of J/ , which
will be done in upcoming Au+Au data taking.
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Figure 2. Left: Comparison of RAA to the models with dissociation by comovers.
Middle: Comparison of RAA to the models with dissociation by thermal gluons. Right:
Comparison of RAA to the models with dissociation and recombination of J/ .
To extract the ﬁnal state e ects, RAA was divided by that expected from CNM
e ects (RAA/CNM). CNM e ects in Au+Au collisions were extrapolated from those
in d+Au collisions [9]. Fig. 3 (left) shows RAA/CNM as a function of Bjorken
energy density in NA50 Pb+Pb collisions (
 
sNN=17.3 GeV), NA60 In+In collisions
(
 
sNN=17.3 GeV) and Au+Au collisions (
 
sNN=200 GeV). The formation time here
is assumed to be 1 fm/c for both SPS and RHIC, which could be larger than 1 fm/c
at the lower SPS energy and smaller at the higher RHIC energy. A nuclear absorption
cross section of 1 mb was used in the calculation of RAA/CNM for RHIC and the
additional systematical uncertainties from CNM e ects, which are shown as boxes, were
estimated using nuclear absorption cross sections of 0 mb and 2 mb. J/  suppression
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Figure 3. Left : RAA/CNM as a function of Bjorken energy density in NA50 Pb+Pb
collisions (
 
sNN=17.3 GeV), NA60 In+In collisions (
 
sNN=17.3 GeV) and Au+Au
collisions (
 
sNN=200 GeV), where the formation time is assumed to be 1 fm/c for
both SPS ans RHIC.
Figure 2.12: RAA/CNM as a function of the Bjorken estimate (see Appendix
A) of the energy density. The RHIC data (
√
SNN =200GeV) is compared to
SPS (
√
SNN =17.3GeV) measurements performed by NA50 and NA60 [Gun07].
PHENIX estimates the cold nuclear matter effects from measurements on d+Au,
while the NA50 and NA60 rely on theoretical calculations.
2.4.3 Theoretical interpretation
The presented data measured at SPS and RHIC can be interpreted within different
models. In general one can divide the models in two classes: pure dissociation
models and models including recombination.
The pure dissociation models [Kar05] are still very close to the original idea
of quarkonia suppression already described in section 2.3. The presented model
of quarkonium dissociation is computed using lattice QCD calculations at zero
temperature. This leads to a charmonium dissociation temperature close to the pro-
posed critical temperature of 170MeV [Sus79, Kut80, Eng80, Brow90, Kar95].
More reﬁned calculations using ﬁnite temperatures show that the ground state J/ψ
may survive up to temperatures of about 2 TC [Sat06b]. The spectral functions of
different quarkonia states are shown in ﬁgure 2.14. The excited states, χC and ψ0,
melt completely already very close to the critical temperature. Since a large frac-
tion of about 40% of the measured J/ψ originate from the decay of these higher
excited charmonium states, the total yield of J/ψ will decrease as well. This effect
called sequential dissociation [Kar05] is used to explain the suppression pattern
observed at the SPS shown in ﬁgure 2.8. At the highest energy densities, reﬂected
by the largest number of participants, a suppression of the J/ψ down to 60% com-
pared to the expected yield is observed. Thus one could interpret this pattern as a
complete suppression of the higher excited charmonia states and their subsequent
decay products, but since the temperature is not sufﬁciently high the ground state
is not affected.2.4 Experimental status 23
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Figure 2.13: J/ψ RAA as a function of the rapidity (y) for different centrality bins
[Ada06b].
We should note, however, that in all such potential studies it is not so clear what binding
energies of less than a few MeV or bound state radii of several fermi can mean in a medium
whose temperature is above 200 MeV and which leads to screening radii of less than 0.5
fm. In such a situation, thermal activation [20] can easily dissciate the bound state.
state J/ (1S)  c(1P)   (2S)  (1S)  b(1P)  (2S)  b(2P)  (3S)
Td/Tc 2.10 1.16 1.12 > 4.0 1.76 1.60 1.19 1.17
Table 2: Quarkonium Dissociation Temperatures [8]
5. Charmonium Correlators
The direct spectral analysis of charmonia in ﬁnite temperature lattice has come within
reach only in very recent years [21]. It is possible now to evaluate the correlation functions
GH( ,T) for hadronic quantum number channels H in terms of the Euclidean time   and
the temperature T. These correlation functions are directly related to the corresponding
spectral function  H(M,T), which describe the distribution in mass M at temperature
T for the channel in question. In Fig. 12, schematic results at di erent temperatures are
shown for the J/  and the  c channels. It is seen that the spectrum for the ground state
J/  remains essentially unchanged even at 1.5 Tc. At 3 Tc, however, it has disappeared;
the remaining spectrum is that of the c¯ c continuum of J/  quantum numbers at that
temperature. In contrast, the  c is already absent at 1.1 Tc, with only the corresponding
continuum present.
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Figure 12: J/  and  c spectral functions at di erent temperatures
These results are clearly very promising: they show that in a foreseeable future, the
dissociation parameters of quarkonia can be determined ab initio in lattice QCD. For
the moment, however, they remain indicative only, since the underlying calculations were
generally performed in quenched QCD, i.e., without dynamical quark loops. Since such
loops are crucial in the break-up of quarkonia into light-heavy mesons, ﬁnal results require
12
Figure 2.14: J/ψ and χC spectral functions at different temperatures [Sat05]24 Quarkonia measurements in heavy ion collisions
According to this model one expects that at RHIC, due to the higher energy
density,alsothegroundstatemeltsandcharmoniaisalmostcompletelysuppressed.
Only a contribution of 15-20% of the total production cross section is expected,
originating from peripheral zones of the collision. Figure 2.15 shows a comparison
between the measured J/ψ production in Au-Au collisions at midrapidity and the
pure dissociation model. Pure dissociation models [Rap05, Yan06] overpredict the
suppression. Even before the suppression was measured different authors argued,
that the relatively large number of charm quarks produced at RHIC (≈ 10) shall
lead to a charmonium production at the hadronization stage. Although the term is
misleading these models became known as recombination models. Not only those
charm quarks which previously formed charmonium undergo this hadronization,
but all produced charm quarks.
Several models include the charm hadronization in their calculations. The spe-
ciﬁc details of these models are not described here. A comparison of the recom-
bination models [Rap05, Yan06, The05, And06, Cas00] is shown in ﬁgure 2.16.
All reproduce the measured pattern. One should note that the recombination mod-
els include the assumption that charmonium is dissolved4 within the deconﬁned
medium, thus they do not contradict the original idea of charmonium suppression
[Mat86].
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recombination of J/  from c¯ c pairs in the medium or at hadronization stage, are shown
in the right panel of Fig. 2 [11, 12, 13, 14, 15]. They match the data better than the
models with dissociation only. However, charm production and its modiﬁcations in
Au+Au collisions, which are input information for recombination scenario, are unclear
and need to be understood. From the experimental side, measurement of J/  azimuthal
anisotropy will provide useful and direct information on recombination of J/ , which
will be done in upcoming Au+Au data taking.
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Figure 2. Left: Comparison of RAA to the models with dissociation by comovers.
Middle: Comparison of RAA to the models with dissociation by thermal gluons. Right:
Comparison of RAA to the models with dissociation and recombination of J/ .
To extract the ﬁnal state e ects, RAA was divided by that expected from CNM
e ects (RAA/CNM). CNM e ects in Au+Au collisions were extrapolated from those
in d+Au collisions [9]. Fig. 3 (left) shows RAA/CNM as a function of Bjorken
energy density in NA50 Pb+Pb collisions (
 
sNN=17.3 GeV), NA60 In+In collisions
(
 
sNN=17.3 GeV) and Au+Au collisions (
 
sNN=200 GeV). The formation time here
is assumed to be 1 fm/c for both SPS and RHIC, which could be larger than 1 fm/c
at the lower SPS energy and smaller at the higher RHIC energy. A nuclear absorption
cross section of 1 mb was used in the calculation of RAA/CNM for RHIC and the
additional systematical uncertainties from CNM e ects, which are shown as boxes, were
estimated using nuclear absorption cross sections of 0 mb and 2 mb. J/  suppression
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Figure 3. Left : RAA/CNM as a function of Bjorken energy density in NA50 Pb+Pb
collisions (
 
sNN=17.3 GeV), NA60 In+In collisions (
 
sNN=17.3 GeV) and Au+Au
collisions (
 
sNN=200 GeV), where the formation time is assumed to be 1 fm/c for
both SPS ans RHIC.
Figure 2.15: Comparison of the data on
J/ψ production measured by PHENIX
with predictions by pure dissociation
models [Gun07].
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recombination of J/  from c¯ c pairs in the medium or at hadronization stage, are shown
in the right panel of Fig. 2 [11, 12, 13, 14, 15]. They match the data better than the
models with dissociation only. However, charm production and its modiﬁcations in
Au+Au collisions, which are input information for recombination scenario, are unclear
and need to be understood. From the experimental side, measurement of J/  azimuthal
anisotropy will provide useful and direct information on recombination of J/ , which
will be done in upcoming Au+Au data taking.
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Figure 2. Left: Comparison of RAA to the models with dissociation by comovers.
Middle: Comparison of RAA to the models with dissociation by thermal gluons. Right:
Comparison of RAA to the models with dissociation and recombination of J/ .
To extract the ﬁnal state e ects, RAA was divided by that expected from CNM
e ects (RAA/CNM). CNM e ects in Au+Au collisions were extrapolated from those
in d+Au collisions [9]. Fig. 3 (left) shows RAA/CNM as a function of Bjorken
energy density in NA50 Pb+Pb collisions (
 
sNN=17.3 GeV), NA60 In+In collisions
(
 
sNN=17.3 GeV) and Au+Au collisions (
 
sNN=200 GeV). The formation time here
is assumed to be 1 fm/c for both SPS and RHIC, which could be larger than 1 fm/c
at the lower SPS energy and smaller at the higher RHIC energy. A nuclear absorption
cross section of 1 mb was used in the calculation of RAA/CNM for RHIC and the
additional systematical uncertainties from CNM e ects, which are shown as boxes, were
estimated using nuclear absorption cross sections of 0 mb and 2 mb. J/  suppression
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Figure 3. Left : RAA/CNM as a function of Bjorken energy density in NA50 Pb+Pb
collisions (
 
sNN=17.3 GeV), NA60 In+In collisions (
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Figure 2.16: Comparison of the data on
J/ψ production measured by PHENIX
with different models assuming full dis-
sociation and recombination [Gun07].
Although the analysis of the cold nuclear matter effects is still ongoing, the
RHIC measurements imply that the original idea of dissociation has to be extended
by the mechanism of charm hadronization. The J/ψ production out of uncorrelated
charm quarks (≈ 10 at RHIC) at the freeze out of the deconﬁned medium, has to
be taken into account to reproduce the observed yields. Since the amount of charm
quarks produced at the SPS is rather low (≈ 0.1) no signiﬁcant contribution to the
production cross section of charmonium is seen. However at the LHC about 100 c¯ c-
pairs per central collision will be produced and about 1 J/ψ. At the LHC a higher
4The level of dissociation varies within the models.2.4 Experimental status 25
energy density is expected compared to RHIC. Thus all initially produced J/ψs
are expected to be suppressed. But due to the large number of charm quarks the
production within the hadronization phase is expected to produce an even higher
J/ψ yield compared to the production from initial collisions. [And03].
At the LHC for the ﬁrst time in heavy-ion collisions the Υ family will be pro-
duced in measurable quantities, opening the possibility to use a second quarkonium
probe to explore the deconﬁned phase. One advantage of the Υ family compared to
theJ/ψ familyisthattheﬁrstexcitedstateiscomparedtothegroundstatemoreof-
ten produced (σΥ→e+e−/σΥ0→e+e− ≈ 3.5 compared to σJ/ψ→e+e−/σψ0→e+e− ≈
52). Lattice calculations [Sat06b] indicate that the ground state of the Υ may sur-
vive up to temperatures of 4 TC while the excited states vanish already close to
TC. Thus one would expect the suppression pattern observed for the Υ at LHC
to be similar to the pattern for the J/ψ seen at RHIC. The difference is that also
the suppression of the higher mass state can be shown and related to the changing
production of the ground state.
b¯ b pairs are expected to be produced at a rate of roughly 4 pairs per central
collision. This is comparable to the amount of c¯ c pairs produced at RHIC. Thus
hadronization of b¯ b to bottomonium will not contribute signiﬁcantly to the total
production, while the dissociation by the deconﬁned medium should be present for
the excited states and for the most central collisions maybe even for the Υ.
The J/ψ should be strongly enhanced, predicted by the recombination models.
At the LHC it will be possible to test the dissociation/recombination model using
the two quarkonia probes within the same experimental environment.26 Quarkonia measurements in heavy ion collisionsChapter 3
Heavy Ion Collisions at the Large
Hadron Collider
3.1 The Large Hadron Collider: LHC
The Large Hadron Collider (LHC) is constructed at CERN and will start its op-
eration in 2008. It resides in the old tunnel of the Large Electron Positron (LEP)
collider which stopped operation in 2000. Its diameter is 9km, resulting in 27km
circumference. It consists of acceleration cavities and bending magnets. The bend-
ing magnets are operated at a ﬁeld of 8.3T and are super conductive. The cooling
is done using liquid helium at 2K. The LHC will accelarate protons and heavy-
ions with so far unprecedented energies1. Due to this large collision energies new
insights into the structure of matter is expected. The planned running scenarios
[Car04] and main beam parameters are summarized in table 3.1.
One should note that especially the luminosity in proton-proton collisions is
not limited by the collider itself but from the ALICE detector. Since proton-proton
beams have a bunch crossing time of 25ns this will lead to a pile-up of roughly
1Increase in energy of a factor of 30 compared to the RHIC and 300 for the SPS
Table 3.1: Planned running scenarios taken from [Ale06b]. Further measurements
depend on experimental ﬁndings and might include running at lower energies
and/or with other collision systems.
System
√
sNN Luminosity cm−2s−1 total running time
p-p 14TeV 5 · 1030 10 years
Pb-Pb 5.5TeV 1 · 1027 1-2 years
p(d)(α)-Pb 8.8TeV 1.1 · 1029 1 year
Ar-Ar 6.3TeV 2.8 · 1027 1-2 years28 Heavy Ion Collisions at the Large Hadron Collider
30 events in the TPC. This means that 97% of the recorded data belong to partial
events and cannot be used for analysis. To restrict the amount of unusable data the
luminosity will be reduced such that these values are not exceeded. After the ﬁrst
periods of running it is planned to use the High-Level-Trigger (HLT) to remove the
pile-up of events. The HLT will reconstruct events online and is thus able to remove
tracks which do not belong to the primary vertex but to vertices from subsequent
collisions.
In lead-lead collisions the luminosity is not limited by the detector but the lim-
iting factors arise from accelerator speciﬁc problems. At the LHC any uncontrolled
loss of the beam will, due to the high beam energy and intensity, result in serious
damages of the accelerator. To control the position of the beam, beam position
monitors are periodically installed. These beam position monitors require a certain
minimal amount of charge within one bunch. Since with three data taking experi-
ments and thus also three interaction points the charge within a bunch is reduced
with every collision, it has to be guaranteed that the bunch charge is always above
limits. The luminosity is reduced such that the beam remains stable over a full data
taking period of 8h.
3.2 A Large Ion Collider Experiment: ALICE
Four large experiments are planned at the LHC. Two of them, ATLAS2 and CMS3,
dedicated to the search of new elementary particles with very low production yields
in proton-proton collisions. These two largest experiments have a similar physics
program and acceptance. The third experiment is the LHC-B [Lhb07] experiment
searching for CP-violations in the B-system. Dedicated to the measurement of a
large variety of observables in heavy-ion collisions ALICE was planned.
ALICE was designed to track and identify particles from ion collisions from
rather low transverse momenta of 100MeV/c on.The experiment is shown in ﬁgure
3.1. The central part is called the Central Barrel and the forward part called the
Muon Arm.
The major constraint for the design of the detectors is the expected multiplicity
of charged particles. The detectors should be able to track and identify almost all
particles even at the highest expected multiplicities. For this reason the granular-
ity of a detector has to be such that at the highest track densities two tracks can
be clearly separated. Since the energies at LHC will exceed the highest achieved
energy in a heavy ion collision by a factor of thirty, the charged particle multi-
plicity cannot be easily predicted by extrapolations without introducing a huge un-
certainty. Figure 3.2 shows different extrapolations for the charged particle multi-
plicity per participating nucleon pair. Unfortunately previous measurements cannot
constrainthescalingbehaviourtoeitherapower-lawscaling,leadingtoratherlarge
multiplicity of 13 per participant, or a logarithmic scaling, leading to more modest
2A Toroidal LHC AparatuS [Atl07]
3Compact Muon Solenoid [Cms07]3.2 A Large Ion Collider Experiment: ALICE 29
Figure 3.1: Schematic Drawing of ALICE. The experiment is split into two parts:
the so-called Central Barrel contained in the L3 magnet (red) and the Muon Arm.
predictions of 5 particles per participant. Taking into account that for a lead-lead
collision one expects on average 170 participating nucleons [Car04], in absolute
numbers one would expect the multiplicity at ALICE to be between 5×170 = 850
and 13×170 = 2210 charged particles per unit rapidity. Since the spread in the pre-
dictionsisratherlargeandthegivennumbersrepresentonlyanaveragemultiplicity
the detectors were designed to cope with a multiplicity of up to dN/dych = 6000
with dN/dych = 8000 as an upper limit. Only for multiplicities exceeding 8000
particles the reconstruction efﬁciency drops signiﬁcantly due to overlapping tracks,
that cannot be disentangled.
The Muon Arm covering a pseudo-rapidity range from −2.4 > η > −4.0 is
as the name indicates dedicated to the measurement of muons. The detector layout
is similar to the layout of the muon arms of the PHENIX experiment (see ﬁgure
2.10). Hadrons and electrons are removed by the absorber. The muon tracks are
bent for momentum measurement by the dipole with a integrated ﬁeld of 3Tm and
then detected by the huge arrays of trigger and tracking chambers.
The central part of ALICE is an assembly of various detectors. One can sub-
divide the detectors into detectors of general interest used for a large variation of
physics analyses, detectors providing basic informations like multiplicity and de-
tectors dedicated to speciﬁc observables. The detectors providing information of
general interest like momentum, vertex coordinates and particle identiﬁcation are30 Heavy Ion Collisions at the Large Hadron Collider
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Figure 3.2: Centre-of-mass energy (
√
s) dependency of the charged particle multi-
plicity per unit rapidity for A-A and p-p collisions [Car04]. Three different types
of functions were ﬁtted to the data resulting in a huge spread of predictions for the
LHC.Thedashedlineisalogarithmicﬁttothenucleardata.Thedottedlineisaln2
ﬁt and matches the RHIC data best. The long dashed line leading to the highest pre-
diction is a ﬁt including a saturation scale [Ame01, Arm00, Fer98, Arm94, Ame94]
leading to a power-law scaling.
the Inner Tracking System (ITS), the Time Projection Chamber (TPC), the Tran-
sition Radiation Detector (TRD) and the Time of Flight detector (TOF). They all
cover a pseudo-rapidity range from −0.9 < η < 0.9 and full azimuth and
are thus often called the ALICE Central Barrel (ACB). The ACB is used for the
presented studies and will therefore be described in more detail in the following
section. The detectors dedicated to a speciﬁc physics task are the Photon Spectrom-
eter (PHOS) measuring high momentum photons, the High Momentum Particle
Identiﬁcation (HMPID) to separate various kinds of hadrons and the Electromag-
netic Calorimeter (EMCAL) for the detection of high momentum electromagnetic
probes. These three detectors cover only a small part of the full acceptance. A
detailed description of the individual subcomponents of ALICE can be found in
[Ali99].
With the already quoted (table 3.1) luminosity of 1027 cm−2s−1 and an ex-
pected minimum bias cross section of σMB = 8b [Car04] one expects 8000 min-
imum bias interactions per second. Since the most interesting physical processes
are expected in the 10% most central events, ALICE should be able to take data3.3 The central barrel 31
at a rate of slightly less than 1kHz. This rather low rate allows the usage of slow
but very precise tracking detectors like the Time Projection Chamber and the Sil-
icon Drift Detector. The advantage of using a TPC as the main tracking device is,
that the number of measured points on a track is large. therefore the combinato-
rial background of the tracking algorithm arising from combinations of points or
clusters belonging to different tracks is very low. This enables the measurement
of a large number of tracks within one event. In heavy-ion collisions not only a
few high momentum particles are of interest. The bulk properties of the produced
medium, reﬂecting its characteristics, manifest in the relative abundancies and the
momentum distributions of all produced particles. therefore it is necessary to track
and identify also particles with rather low momenta.
3.3 The central barrel
As already mentioned the central barrel is a synonym for the four inner detectors
namely ITS, TPC, TRD and TOF contained in the 0.5T L3-magnet. The magnet
was inherited from the old LEP experiment L3. While ITS, TPC and TRD are
due to their speciﬁc properties essential for the detection of quarkonia and will
be discussed in detail in the following sections, the Time of Flight detector was
designed to identify heavier particles like pions, kaons and protons by their time
of ﬂight with respect to the measured momentum. For a detailed description of the
TOF system see [Ali00].
3.3.1 Inner Tracking System – ITS
The main purpose of the Inner Tracking System is the determination of vertices
with very high resolution. Besides that it will be used for tracking and identiﬁcation
of particles with very low momenta and it will improve the momentum resolution
of tracks with higher momentum. While doing this the ITS has to be able to cope
with the large number of charged particles expected to be produced in a lead-lead
collision. Thus it has to have a high granularity and radiation hardness. Further on,
not to change the yield and the momentum of the particles, it has to be as thin as
possible.
The ITS is shown in ﬁgure 3.3 it consists of six cylindrical layers of detectors.
To reduce losses due to gaps in the detector, the segments overlap at the borders.
Three different types of silicon detectors are used. The innermost layers are made
of pixel detectors providing the highest precision, namely 12µm in rφ and 70µm
in z-direction4. However this high spatial resolution includes a large number of
readout channels adding up to a total of 16 million channels for both layers. The
third and forth layer are made of a silicon drift detector working similar as a time
projection chamber with the electrons drifting within the silicon. This design was
4z is the direction of the beam with positive z pointing away from the muon-arm. φ denotes the
azimuthal angle (positive direction counterclockwise) and r the radius of the cylinder.32 Heavy Ion Collisions at the Large Hadron Collider
6.7 Integration and installation 339
Figure 6.28: General layout of the basic underground structures at Point 2, showing the L3 magnet and the
counting rooms.
Figure 6.29: Overall installation layout of the ITS detector including the front part of the absorber and the
vacuum chamber. The ITS is ﬁxed to the inner wall of the TPC. Services go out from both sides of the ITS.
Figure 3.3: Schematic Drawing of the Inner tracking system located around the
vertex region. One can also see the inner wall of the TPC, the beam pipe and parts
of the absorber.
chosen to improve the resolution especially in the z-direction which is 28µm and
38µm in rφ-direction. The two outermost layers are made of silicon strip detectors
with a spatial resolution of 20µm (rφ) and 830µm (z).
All detectors were constructed as thin as possible and the total thickness does
not exceed 6% of one radiation length. The complicated support structures were
constructed out of carbon ﬁber combining excellent stability at minimal weight
and radiation length.
The important parameter for the ITS is the so-called impact parameter resolu-
tion. Impact parameter in this case denotes the distance of a reconstructed track to
a primary or secondary vertex. Since the ITS was designed to measure the decay
of heavy charm and beauty hadrons with life times ranging from cτ = 100-500µm
these numbers determine the desired performance. Figure 3.4 shows the combined
impactparameterresolutionofprimarypionsreconstructedintheITSandtheTPC.
The resolution in the rφ plane falls below 100µm for momenta above 700MeV/c
and between 2 and 3GeV/c in the z-plane. Thus the reconstruction of charm and
beauty decays should be possible in ALICE (see also chapter 5 and [Ale06c]).
3.3.2 Time Projection Chamber – TPC
The ALICE Time Projection Chamber [Del00, Gla07] is with a length of 5m, an
inner radius of 0.845m, an outer radius of 2.466m resulting in an active volume of
95m3 the largest TPC ever built. A sketch of the detector is shown in ﬁgure 3.5.3.3 The central barrel 33
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Figure 3.4: The impact parameter resolution for primary charged pions recon-
structed in the TPC and ITS (with 6 of 6 possible clusters in the ITS) for central
lead-lead collisions with a multiplicity of dN/dych = 6000 per unit rapidity.
The detector volume is ﬁlled with a mixture of 90% Neon, 10% CO2 and a small
fraction of N2. The advantage of this gas mixture is that it shows almost no ageing
effects in contrast to other mixtures like CF4. Further advantages are a short drift
time, small diffusion and a low radiation length. These nice features have to be paid
with a strong dependence of the drift velocity on the temperature. For this reason
the temperature has to be kept constant within an interval of 0.1K. To prevent heat
conduction from the outer detectors a thermal shield was added in between TPC
and TRD.
The central electrode operates at a voltage of 100kV translating into a ﬁeld
gradient of 400V/cm and a maximum drift time of 92µs. The signals are read
out at the two end caps by 72 multi-wire proportional chambers. Each of these
chambers has three layers of wires. To prevent space charge effects within the
detector volume the outermost wire layer of the read-out chambers is used as a
gating grid such that electrons are only collected in the chambers if a Level-One
trigger accept was send (see section 3.3.4)
ALICE will be the only experiment at the LHC using a large TPC as the cen-34 Heavy Ion Collisions at the Large Hadron Collider
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Figure 3.5: Schematic drawing of he ALICE TPC. One can nicely see the central
electrode operated at a voltage of 100kV. On the front and end cap the segmenta-
tion of the TPC into 18 azimuthal sectors and 2 radial sectors is visible resulting in
a total of 72 read-out chambers.
tral tracking detector. This can be understood when looking at the desired physics
observables. As the dedicated heavy-ion experiment ALICE will not only measure
high-pt particles but the physics program requires to measure also low momen-
tum particles. During a heavy-ion collision at an energy of 5.5TeV per nucleon
up to 6 000 particles might be produced per unit of rapidity. Thus one expects
about 20000 charged tracks within the central part of the detector. For high energy
physics topics like top-quark measurements and the search for the Higgs-boson
most of these particles contribute to the background, while the measurement of
relative particle abundancies and their momentum distributions are crucial for the
understanding of a heavy-ion reaction. To track all these particles a TPC is the best
choice since it provides an almost continuous picture of a particle track (see ﬁg-
ure 3.6). Other tracking detectors do have a certain amount of tracking planes and
thus cannot provide a continuous track but only the coordinates where a particle
track crosses one of the tracking plains. Now every of these points has to be asso-
ciated to one track. With increasing track density this association gets ambiguous.
Thus at some point tracks will be reconstructed which do not belong to a physical
particle. Most of these tracks can be suppressed by the tracking algorithm using
checks on consistency or maximum allowed deviation from a speciﬁc parameter.
Nevertheless a few of these ghost tracks remain, the more particles are within the
detector. With a TPC a track can almost continuously be followed and thus the as-
sociation of a measured cluster with the physical track is almost unambiguous and3.3 The central barrel 35
the ghost-rate is negligible.
Figure 3.6: Schematic view of the ﬁrst cosmic shower recorded in the ALICE TPC.
One can easily recognize the tracks with the naked eye. This demonstrates the
excellent tracking capabilities of a TPC.
The TPC will not only serve as the main tracking device but will also contribute
strongly to the particle identiﬁcation. Particles can be identiﬁed within the TPC by
their speciﬁc loss of energy due to interactions with the TPC gas. The performance
of the particle identiﬁcation will be discussed in section 4.4.
The pads of the read-out chambers are read-out by the especially designed
front-end electronics [Mus03, Bos03]. The electronic signal depends on the pad
shape and the signal distribution, having a long tail due to the slowly drifting ions.
The electronic includes various options for signal shaping like tail cancellation and
other digital ﬁlters [Bra05] to account for these effects. Although the number of
pads is with 560000 small compared to the number of pads in ITS or TRD, a good
resolution in z-direction requires a sampling frequency of 500 − 1 000Hz which
results in a maximum of 5 × 108 bins and an event size of about 60MB. Since
the total bandwidth is limited, the trigger rate is limited to 200Hz for central lead-
lead events and 1kHz for proton proton collisions. Thus the signal to background
ratio for rare probes like measurements of high energy jets and quarkonia has to be
increased by the usage of a trigger system with various trigger levels which for the
highest trigger level (Level 3 see section 3.3.4 and [Bra03, Lin03]) already includes36 Heavy Ion Collisions at the Large Hadron Collider
coarse tracking and fast analysis algorithms.
The whole read-out chain using ﬁnal components has been tested extensively in
beam tests [Ant06] and it has been shown that the current design meets the physical
requirements.
3.3.3 Transition Radiation Detector – TRD
As one of the last subdetectors of ALICE the TRD [Ali01] was added. It has two
main purposes namely the identiﬁcation of electrons over a large momentum range
via their emission of transition radiation and to serve as a trigger device for events
containing high pT > 3GeV/c electrons. Further on it will, since it provides addi-
tional points to charged particle tracks, increase the tracking resolution.
11-3-2004 Christian Lippmann (ALICE TRD), DPG-Tagung Köln
The TRD (Transition Radiation Detector)
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Figure 3.7: Schematic drawing of (one half) of the ALICE TRD. The complete
detector consists of 540 read-out chambers (green, red and yellow) arranged 18
super modules covering the full azimuth. Each of these super modules consists of
6 radial layers and 5 stacks of chambers in z-direction. The total sensitive area of
the detector is 750m2 divided into 1.16 million read-out channels.
The detector is shown in ﬁgure (3.7). It consists of 540 read-out chambers3.3 The central barrel 37
arranged in 18 super modules covering the same angle as a corresponding TPC
sector. Each of these super modules consists of 30 chambers arranged in 6 radial
layers and 5 stacks in z-direction. The total active volume is about 27m3, ﬁlled
with a mixture of Xenon (85%) and CO2 (15%). Since Xenon is very rare noble
gas (0.08ml Xenon in 1m3 air), the amount of Xenon used in the TRD represents
roughly one annual production worldwide. This puts strong requirements in terms
of gas tightness on the detector. The total sensitive area of the detector is roughly
750m2 divided into 1.16 million read-out pads. Each channel is individually read-
out, 18 read-out channels are bundled and connected to a highly integrated multi
chip module (MCM). The MCM contains two main parts: the pre-ampliﬁer and
shaper chip called PASA and the Tracklet processor (TRAP) [Ang06] containing
a 10bit analog to digital converter with a sampling rate of 10MHz conﬁgurable
digital ﬁlters providing further shaping, pedestal subtraction, tail cancellation and
zero suppression. In addition short tracks within one chamber, called tracklets, are
processed used for the trigger on high pt particles.
Transition Radiation
The principle the TRD uses to discriminate between electrons and heavier particles
is the emission of transition radiation. Transition radiation was predicted in 1945
[Gin45] and ﬁrst observed in 1959 [Gol59]. It denotes the effect that a charged par-
ticle, moving with a certain velocity, undergoing transitions between materials of
differentdielectricalpropertiesemitselectromagneticradiation.Sincetheelectrical
ﬁeld surrounding every charged particle depends not only on the charge but also on
the speed of the particle and of the dielectric properties of the surrounding medium,
changing one of these parameters leads to a change in the ﬁeld. For example chang-
ing the velocity of a charged particle leads to the emission of Bremsstrahlung.
Changing the medium surrounding the particle also leads to a changing ﬁeld and
thus to the emission of transition radiation. A detailed theoretical treatment can be
found in [Gin80, Gin79], here only for the TRD important relations between the
traversing particle and the emitted radiation shall be reported. Important for the
design of a transition radiation detector are the probability to produce a transition
radiation photon and its energy.
The probability to produce a photon during one transition of a charged particle
ﬁrst depends on the relativistic γ-factor5. Thus the emission of transition radiation
is directly related to the mass of a particle. This enables just by the observation
of transition radiation the distinction between different particles without the need
of a precise momentum measurement like it is needed for particle identiﬁcation
via the speciﬁc energy loss of particles in the medium. Table 3.2 shows values for
γ for different particles with different momenta. The threshold for transition ra-
diation emission depend on the thickness and on the plasma frequency difference
of the radiator materials. For polypropylene/air radiators particles with a γ ex-
5γ =
E
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ceeding 1000 produce transition radiation [Dol93]. Over a large momentum range
(1-100GeV/c) only electrons are expected to emit transition radiation. Thus tran-
sition radiation detectors are very well suited to separate especially electrons from
heavier particles. The probability to emit a transition radiation photon during one
transition is on the order of α = 1/137. For this reason transition radiation detec-
tors are designed such that the particle undergo not only one but many transitions.
First detectors were built with foil stacks with a lot of parallel foils. This design has
some clear disadvantages: It is mechanically very difﬁcult to guarantee the paral-
lelity of the foils. This could only be done using a complex gas system, controlling
the pressure between the foil layers [Man88]. Newer detectors like also the AL-
ICE TRD rely on irregular radiator material like foams or ﬁbre mats. While the
emission of transition radiation in regular foil stacks can be calculated analytically
[Fab75], calculations for irregular radiators are still missing. Nowadays usually a
combination of plastic foams and ﬁbre mats are used since especially foams can be
produced in any desired geometrical shape and they are self sustaining and need
no additional mechanical support structure. The drawback is that for simulations
of the detector response parametrizations have to be used. In the case of the AL-
ICE TRD the behavior of the radiator is modeled by a foil stack. The adjustable
parameters are the number of foils Nf, the thickness of one foil d1 and the distance
between the foils d2. Figure 3.8 shows distributions of transition radiation energy
as measured in a test experiment in 2004 [Bal06]. The three parameters were ad-
justed such (Nf = 120, d1 = 15µm and d2 = 400µm) that the simulation matches
the measured spectra (see also [Lip04, And04]). Although these parameters do not
reﬂect any characteristics of the used ﬁber and foam radiator, the simulation re-
produces the correct transition radiation yield and can thus be used to estimate the
performance of the electron - pion discrimination.
The energy of the photons depends on the different dielectrical properties of the
two media. Since the photon is produced inside the radiator material, the material,
in order not to absorb the photon, has to be transparent to the produced photon. For
the transition between polypropylen and air and an electron with a γ-factor larger
than thousand one ﬁnds that the energy of the produced photon is in the X-ray
range and the photon is therefor able to leave the radiator. A detailed description of
the emitted energy spectrum can be found in [Fav01]. In order to absorb the photon
with a high probability a gas with a large absorption cross section for X-ray has to
be used. For this reason Xenon was chosen.
Design of the read-out chambers
Now that the basic design requirements arising from the production and detec-
tion of transition radiation were described one should take a closer look at the
design of a read-out chamber. Figure 3.9 shows a schematic drawing of one side
of a read-out chamber. The basic design is the one of a Multi-Wire-Proportional-
Chamber (MWPC) with pad readout. The charged particles traverse the 3cm long
drift region and create electron ion pairs along their track. The electrons due to3.3 The central barrel 39
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Fig. 4. Measured and simulated TR spectra at 2GeV/c for the
ALICE TRD sandwich radiator. The upper panel shows the dis-
tribution of the energy of single TR photons (ETR). The lower
panel shows the distribution of the total TR energy (Etot
TR). The
simulations include the limited separation efﬁciency for very close
TR photons.
4. TR spectra
An extensive measurement of pure TR spectra and
the momentum dependent TR yield was carried out
using different radiator conﬁgurations. For space rea-
sons we will in this publication focus on the standard
ALICE TRD sandwich radiators. All other results will
be presented in an separate paper in preparation.
For each event in DC1 a TR cluster search is per-
formed. Due to the magnetic ﬁeld we are able to pro-
vide a separation from the beam of more than three
pads for all momenta, which avoids a contamination
of the measured TR energy with ionization energy.
A radiation background at higher momenta is present
also without any radiator. It can be attributed to syn-
chrotron radiation from the magnet and is subtracted
based on measurements without radiator. A limitation
imposed by the method of measurement is connected
with the limited space point resolution in drift direc-
tion which is directly related to the drift velocity and
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Fig. 5. Measured and simulated dependence of the mean number
of detected TR photons  NTR  on momentum. The simulated
data shows the deposited mean number of TR photons (dotted
line) and the mean number of photons detected by the TR cluster
search algorithm (continuous line).
the sampling frequency of the employed ADC sys-
tem [2], resulting in a limited separation efﬁciency for
close TR clusters. Measured and simulated TR spectra
for the ALICE TRD sandwich radiator at 2GeV/c are
shown in Fig. 4. In the simulation we use the theory
described in[5]. Three parameters are needed, which
correspond to the number of foils Nf, the foil thick-
ness d1 and the foil separation d2 for a regular foil
structure. Since the TRD radiator is not a regular foil
structure, the parameters can only reﬂect typical di-
mensions of the radiator materials, but are not unam-
biguously determined. Our set of parameters was cho-
sen to best reproduce our measurements, taking into
account also the correction for the limited cluster sep-
aration efﬁciency: Nf = 120, d1 = 15µm and d2 =
400µm. Fig. 5 shows the momentum dependence of
the mean number of detected TR photons.
5. Electron identiﬁcation performance
Due to the dE/dx relativistic rise the separation be-
tweenthe pionsandtheelectronsbasedonlyondE/dx
would be reduced as function of momentum (Fig. 3).
That is the reason why we use also the fact that the
electrons produce TR in this momentum range. The
resulting pion efﬁciencies can be calculated using a
likelihood on the total integrated energy loss (LQ). In
addition, the exponential probability for the absorp-
tion of TR photons in the gas mixture can be exploited
in a bidimensional likelihood (LQX). Here, the distri-
3
Figure 3.8: Measured and simulated spectra of transition radiation, recorded at a
test experiment in 2004 [Bal06]. The upper panel shows the energy distribution
of single transition radiation photons. The lower panel shows the distribution of
the total transition radiation energy per beam electron. The parameters have been
adjusted such, that the simulation matches the measurements. The obtained param-
eters can be used to obtain realistic simulations on the electron-pion discrimination
performance.
their charge drift in the ﬁeld (2.1kV) of the drift anode (aluminized backside of the
radiator) towards the cathode wire plane. The cathode wires are beryllium wires
with a copper coating and a diameter of 75µm. The grounded cathode wire plane
separates the drift from the ampliﬁcation region. The ampliﬁcation region is 0.7cm
long, ending at the pad plane. In between the pad plane and the cathode wire grid,
is the anode wire grid. The anode wires are tungsten wires with a gold coating and
a diameter of 20µm. The nominal anode voltage is 1.6kV, providing an average
gain factor of 10000. The signals are collected on the pad plane. All of the pads are
connected to a read-out channel. The read-out electronics is mounted on the back
panel of each chamber.40 Heavy Ion Collisions at the Large Hadron Collider
Table 3.2: The relativistic γ factor for different particles with various momenta.
Only particles with γ > 1000 produce transition radiation in signiﬁcant amount.
particle e µ π K p
mass [MeV/c2] 0.511 105.658 139.57 493.677 938.272
p [GeV/c] γ
0.1 195. 1.4 1.2 1.0 1.0
1. 1956. 9.5 7.2 2.26 1.5
10. 19569. 94.5 71.2 20.3 10.7
100. 195000. 946. 716.5 202.6 106.6
1000. 2·106 9500. 7200 2000. 1065.
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Figure 3.9: Schematic drawing of one side of an ALICE TRD read-out chamber.
The size of the chambers varies from 1.5m2 up to 2m2. To minimize the losses due
to Bremsstrahlung light materials or compound materials were chosen especially
for the back panel which is made out of Nomex honeycomb structure with carbon
ﬁbre surfaces.
The most signiﬁcant change compared to other MWPCs is the radiator made
of polypropylene foam and ﬁber mats. The foam is needed for mechanical stabil-
ity while the transition radiation yield is higher for the ﬁber mats. As any MWPC
the TRD read-out chamber does detect charged particles by their speciﬁc energy3.3 The central barrel 41
loss due to interactions with the ﬁlling gas. Thus the TRD serves as an additional
tracking device for any charged particle. In addition to the energy loss electrons
produce transition radiation within the radiator. The radiation is immediately ab-
sorbed by the Xenon at the entrance of the chamber. The process is shown in ﬁgure
3.10. The transition radiation contributes in two ways to the particle identiﬁcation:
First it contributes to the overall measured energy measured for one particle. Since
electrons emit transition radiation in addition to their normal speciﬁc energy loss,
the integrated deposited energy is signiﬁcantly larger for electrons than for pions.
The second information is provided by the time resolution of the read-out electron-
ics. Since the transition radiation is absorbed at the entrance of the drift region, the
signal induced by this incident drifts longer compared to the signals induced by
the speciﬁc energy loss, since these signals continuously ionize atoms along their
path. The process is depicted in ﬁgure 3.11. The large peak at low drift times cor-
responds to ionization happened directly within the ampliﬁcation zone. After this
peak an almost constant plateau is observed for pions which represents the con-
tinuous loss of energy within the drift volume. For electrons the signal increases
again due to the production of the transition radiation. The resulting performance
for particle identiﬁcation will be discussed in chapter 4.4.
Fig.8: A schematic illustration of the TRD principle. The left panel shows a projection in the x-z plane. The field lines in the Drift Chamber are calculated with
GARFIELD. Schematic signals produced by a pion and an electron are shown. The right panel shows a projection in the x-y plane. The insert shows for a meas-
ured electron track the distribution of pulse height over pads and timebins spanning the drift region. Note that the radiator is not to scale and the wire geometry 
may not be the final one. 
Figure 3.10: The signal production in
the TRD read-out chambers for elec-
trons and pions.
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Fig.10: Average pulse height as function of the drift time for pions and electrons for a momentum of 1 GeV/c. The dashed line
represents the energy deposit by pure ionization in case of electrons. A fibre radiator of 17 microns diameter has been used 
(see Chapter 14). 
Fig.11: Pion efficiency as function of momentum for a fibre radiator of 17 microns diameter. Three methods of analysis are
compared: truncated mean on total charge (TMQ), likelihood on total charge deposit (L-Q) and two-dimensional likelihood on
total charge deposit and position of the largest cluster in the drift time (L-QX). 
Figure 3.11: The time response for
1GeV/c electrons and pions measured
for a ﬁbre radiator with 17µm ﬁbres.
3.3.4 Trigger and data acquisition
Trigger Levels
The ALICE trigger system [Ali05] was designed to meet a large variety of re-
quirements, from constraints by the desired physics to technical feasibility. Two42 Heavy Ion Collisions at the Large Hadron Collider
detectors were especially designed to deliver fast trigger information of general
interest namely V0 triggering on centrality and T0 delivering fast information on
multiplicity. Besides that more specialized detector system can cause triggers on
their speciﬁc process of interest, like the EMCAL will trigger on jets, PHOS on
high pt photons, the muon spectrometer triggers on muons and the TRD offers the
possibility to trigger on electrons. The trigger system is staged into four levels.
The lowest level trigger L0 is delivered within 1.2µs and registers if there was a
collision and evaluates simple information like multiplicity, centrality or if there
was a signal in one of the especially dedicated detectors as previously mentioned.
The next higher trigger level L1 gives an accept or reject within 6.5µs. Enough
time to do more complex analysis like electron identiﬁcation with the TRD, coarse
momentum determination (low/high pT) or topological cuts. The third trigger level
L2 prevents recording events with pile-up. As the interaction rate is predicted to
be 8kHz in lead-lead collisions there is a non-negligible probability that within the
drift time of the TPC of 92µs a second collision is recorded that might spoil the
previous event. To ensure that only pure events are recorded the L2 rejects events
where a subsequent collision caused signals in the detector within the drift time
interval. The fourth level L3 or High Level Trigger enables already the complete
reconstruction of an event within a few ms. Of course this cannot be done with
the same precision as done in the ofﬂine reconstruction but still it is possible to
especially reject events which do not contain signals of interest but caused one of
the lower level triggers. Doing so the High Level Trigger will reduce the recorded
data volume signiﬁcantly.
Data acquisition scenarios
The main constraint put by the data acquisiton system to the recorded data is the
bandwidth, meaning the maximum amount of data that can be stored and pro-
cessed per second. Due to technical reasons the maximum bandwidth is limited to
1.25GB/s. This bandwidth has to be shared between the possible trigger conﬁgu-
rations. In principle a minimum bias event rate of 8kHz as expected for lead-lead
beams at the LHC (see section 3.1) would be more than enough to fully utilize the
data acquisition system. Since this would not allow the measurement of rare probes
which strongly depend for example on the dielectron trigger, the bandwidth has to
be shared among different trigger scenarios. The planned trigger scenarios taken
from [Car04b] are shown in table 3.3.
Scenario 1 refers to an unbiased data acquisiton like it will happen for the ﬁrst
data taking periods. Given this scenario, in one ALICE running year6, 2 · 107 cen-
tral, 2·107 minimum bias and 6.5·108 muon arm events will be recorded. However
since this amount of events is not sufﬁcient to do quarkonium physics at reasonable
statistics (compare to table 2.2) scenario 2 was proposed to meet the minimal re-
quirements for quarkonia physics with expected 108 recorded dielectron events and
6one ALICE running year corresponds to 1 month (= 10
6 s) of lead-lead beam and 10 month (=
10
7 s) of proton-proton beam.3.3 The central barrel 43
Table 3.3: Data taking scenarios for lead-lead beams.
Scenario 1 Scenario 2 Scenario 3 Scenario 4
Rates Rates Rates Rates
Max. Rec. Level 2 DAQ Level 2 DAQ Level 2 DAQ
Central 103 20 10 10 20 20 20 20
Minimum Bias 104 20 10 10 20 20 20 20
Dielectron 100 100 200 20 200 20
Dimuon 1000 650 1600 1600 1600 1600 1600 1600
Total throughput (MB/s) 1250 1400 1400 700
1.6 · 109 muon arm events. For this scenario the bandwidth exceeds the maximum
bandwidth, but since the event sizes were calculated with the maximum expected
charged particle multiplicity of 8000 charged particles per unit rapidity one expects
smaller events sizes for real events. In addition it has been shown that for the TPC
the data can be compressed by a factor of two without loosing any physics infor-
mation [Nic03]. Other compression algorithms are under investigation, of course
these compressions will only be applied if it was proven that they do not inﬂu-
ence the physics results. This especially applies for the High Level Trigger, used in
the scenarios three and four. In scenario three it is assumed that dielectron events
triggered with an L2 rate of 200Hz can be reconstructed by the High Level Trig-
ger online thus a total rate of 2 · 108 events are inspected for dielectrons without
a signiﬁcant increase in bandwidth consumption. In scenario four the High Level
Trigger is used to further reduce the data volume. This can be achieved in different
ways. One example is the exclusive readout of regions of interest or another one
the usage of preprocessed tracking data provided by the High Level Trigger.44 Heavy Ion Collisions at the Large Hadron ColliderChapter 4
Quarkonia measurements with
the ALICE central barrel
4.1 Simulation framework
The importance and physical relevance of the measurement of quarkonia has been
reported in chapter 2. Now the performed studies on the measurements of quarko-
nia in the ALICE central barrel in lead-lead collisions are presented. The evaluation
of the detector performance with respect to quarkonia is of major importance even
before the ﬁrst real data taking. The ﬁrst reason is the justiﬁcation of the chosen
detector design. The second reason is to set a baseline on the physical results with
respect to the recorded statistics. So one could summarize the work presented in
this chapter by asking the following questions:
1. Can ALICE measure quarkonia in the dielectron channel?
2. Which quarkonia states can be observed?
3. What is the expected signiﬁcance of the individually observed quarkonia
states?
4. Is the signiﬁcance of the measurement sufﬁcient to observe suppression or
enhancement?
Similar studies have been carried out for the muon arm of ALICE [Mar05,
Mar06, Ale06d, Cro06], as well as for other LHC experiments with a heavy-ion
program [Bet02, Bed07, Wos07, Gra07]. The way to perform these simulations
is very similar. Since the aim of the simulations is to give an realistic estimate of
the performance one would like to simulate the expected amount of recorded events
with the quarkonia rates reported in table 2.2. These quarkonia signals shall then be
embedded into arealisticbackground event. The produced event is then propagated
through the detector to include acceptance, resolution and efﬁciency effects. After46 Quarkonia measurements with the ALICE central barrel
that the remaining particle tracks are analyzed. For the reconstruction of quarkonia
this analysis is basically the calculation of the invariant mass for dielectron pairs.
For one ALICE running year on the order of 2 · 108 central lead-lead events
will be recorded (see section 3.3.4) and the full simulation and reconstruction of
one lead-lead event with a multiplicity of 3000 charged particles per unit rapidity
takes about a few hours on a modern computer. Due to limited capacities this task
cannot be easily performed with the available computer resources. For this reason
one has to speed up signiﬁcantly the simulation and reconstruction of the events.
The most time consuming part of the simulations is the full simulation of the de-
tector response and the subsequent reconstruction of the particle tracks. Instead of
using this complicated numerical calculations the idea is simply to use a detailed
parameterization of the detector performance for electrons and pions.
All the simulations are run under the standard ALICE software framework
aliroot [Ali07]. Aliroot offers a large variety of standard particle generators like
PYTHIA [Sjo06] or HIJING [Gyu94] as well as especially designed generators
used to produce speciﬁc signals like quarkonia with rapidity and momentum distri-
butions expected for the LHC collision energies. Further on the whole experimental
setup is parameterized in aliroot. The detector response can be simulated using dif-
ferent detector simulation programs like GEANT3 [Bru87], GEANT4 [Ago02] and
FLUKA [Fer05, Fas03]. After the calculation of the deposited energy in the detec-
tor, digitization routines provided by the different detector groups can be used to
produce realistic signals.
As a third part aliroot contains the whole ALICE reconstruction and calibration
routines. These routines are strictly separated from the simulation to ensure that
the reconstruction can be run on measured events. The fourth part of aliroot are
analysis libraries. This fourth part will be described in more detail in section 5.2.
4.2 Expected quarkonia yields
In heavy-ion collisions it is always the question whether an observed signal arises
purely from overlaying a certain number of elementary nucleon-nucleon collisions
or if the signal can be attributed to a collective behavior of the produced hot and
dense nuclear matter. Since the presented simulations represent baseline predic-
tions for the observation of quarkonia we concentrate on the signal one would
expect if a certain number of nucleons collide. The intention is not to simulate
any predicted anomalous quarkonia suppression but to give a reliable prediction of
the baseline in quarkonia measurements. The implications on the current compet-
ing models on quarkonia suppression on these measurements will be discussed in
section 4.7.
The performance of the quarkonia measurements shall be simulated as realis-
tically as possible. Hence the input to the simulations, namely the expected yields
per event have to be calculated using the latest predictions for LHC energies. The
yield of production for each individual quarkonium state consists of four compo-4.2 Expected quarkonia yields 47
Table 4.1: Masses, decay width and ranching ratios to electron-positron pairs for
the simulated quarkonia states [Yao06].
System mass [MeV/c2] width [keV/c2] Br(e+e−) [%]
J/ψ 3096.916±0.011 93.4±2.1 5.94±0.06
ψ0 3686.093±0.034 337±13 0.735±0.018
Υ 9460.30±0.26 54.02±1.25 2.38±0.11
Υ0 10023.26±0.31 31.98±2.63 1.91±0.16
Υ00 10355.2±0.5 20.32±1.85 seen (≈1.)
nents:
1. theproductioncrosssectionofthecorrespondingheavyquarkpairinnucleon-
nucleon collisions
2. the branching ratio to dielectrons
3. nuclear shadowing to attribute for cold nuclear matter effects
4. a scaling factor obtained from Glauber model calculations to scale the results
to lead-lead collisions by the number of binary nucleus-nucleus collisions
Each component is described in the following.
Quarkonia production
The ﬁrst component was already described in section 2.2. The values used for the
simulations are taken from table 2.2 for quarkonia production for J/ψ, ψ0, Υ, Υ0
and Υ00 for 5.5TeV proton-proton collisions. As the collisions at the LHC will
exceed the collision energies of the currently highest available energies for proton-
proton collisions performed at the Tevatron by a factor of 3 (1.96TeV compared
to 5.5TeV) the production cross sections include a rather large uncertainty factor
of at least a factor of 2. Nevertheless these cross sections are used for all ALICE
physics simulations [Ale06b] and especially for the simulation of quarkonia within
the Muon Arm.
Dielectron branching ratios
The branching ratios for quarkonia decaying into electron positron pairs have been
taken from [Yao06] and are shown in table 4.1. For the Υ00 state no measured
branching ratio to dielectrons exists, a value of 1% was used.48 Quarkonia measurements with the ALICE central barrel
Table 4.2: Used values for cold nuclear matter effects [Ale06d].
state c¯ c b¯ b J/ψ ψ0 Υ Υ0 Υ00
CCNM 0.65 0.84 0.60 0.60 0.76 0.76 0.76
Cold nuclear matter effects
The measurements presented in section 2.4 showed the need for precise knowl-
edge of the modiﬁcation of quarkonia production in cold nuclear matter [Bed04].
Although a commonly accepted theoretical model to calculate the various effects
is still missing, it has been shown that nuclear shadowing and anti-shadowing as
well as nuclear absorption are present in heavy-ion collisions. PHENIX d-Au mea-
surements [Adl05a] showed that cold nuclear matter effects are smaller at RHIC
energies compared to SPS energies leading to the prediction that the effects might
be even smaller at the LHC. This observation is seen as a relativistic effect: The
higher the energy of the collision, the more the two nuclei are Lorentz contracted,
such that at LHC, the collision can be seen as the collision of two gluonic discs.
Reaction products traverse less nuclear matter than in lower energetic collisions.
Nevertheless cold nuclear effects were included in the presented simulations to
give a prediction of the quarkonia baseline starting from todays knowledge. The
chosen value for nuclear shadowing for the different contributions is taken from
[Ale06d] and is consistent with simulations for the Muon Arm. The values were
chosen such that the resulting shadowing is in agreement with the EKS98 [Esk98]
parameterization on cold nuclear matter effects. Table 4.2 shows the factors used
for central events.
Glauber model scaling
Without assuming any collective phenomena like the described quarkonia sup-
pression one would expect a lead-lead collision to be a superposition of a cer-
tain amount of elementary nucleus-nucleus collision. The amount of elementary
collisions is given by the geometry of the colliding nuclei. A very sophisticated
and widely used approach to calculate the number of elementary collisions is the
Glauber model [Gla70b]. A detailed review and examples for applications can be
found in [Bia76, dEn03, Mil07, Shu03, Bro01]. Within this model which can be
applied to nucleus-nucleus as well as nucleon-nucleus collisions, the nucleus is
modeled using a Woods-Saxon distribution [Woo46] for the nuclear density of the
form:
ρ(r) =
ρ0
1 + e
r−R
a
(4.1)
The resulting density proﬁle of a lead nucleus is shown in ﬁgure 4.1. This density
proﬁle is then used to calculate the nuclear thickness function which gives the4.2 Expected quarkonia yields 49
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Figure 4.1: Density proﬁle of a lead nucleus described by the Woods-Saxon pa-
rameterization. The density is almost constant in the center and falls of steeply at
the edges.
number of nucleons TA(b) in the nucleus A along the path z separated from the
center by an impact parameter b:
TA(b) =
Z
dzρA(b,z) (4.2)
normalized such that Z
d2b TA(b) = A. (4.3)
This function is valid for nucleon-nucleus collisions. To extend this picture to
nucleus-nucleus collisions one deﬁnes the nuclear overlap function as the con-
volution of the two nuclear thickness functions:
TAB(b) =
Z
d2~ s TA(s)TB(|~ b −~ s|). (4.4)
Where ~ s is a position vector in the transverse plane and ~ b is the impact parame-
ter between the two nuclei. Analog to the nuclear thickness function the nuclear
overlap function is normalized such that:
Z
d2b TAB(b) = AB. (4.5)
With the overlap function one is able to calculate the cross section of a speciﬁc
process in ion collisions σAB from the elementary cross section of this process in50 Quarkonia measurements with the ALICE central barrel
nucleus-nucleus collisions σNN:
σAB =
Z
d2b
h
1 − e−σNNTAB(b)
i
(4.6)
InadditionTAB canbeusedtocalculatetheaveragenumberofelementaryinelastic
collisions hNcolli for a given impact parameter b. The average number of collisions
is simply given by the probability that two nucleons interact σNN and the amount
of overlap, meaning the number of nucleons that come close to each other:
hNcolli(b) = σNN · TAB(b). (4.7)
However the impact parameter b is not a directly measurable quantity in heavy-ion
collisions. The impact parameter can within the presented Glauber model calcula-
tions be related to the centrality of an event. The assumption is that the more central
(b → 0) a collision is, the more particles are produced, thus the measured charged
particle multiplicity can be used to determine the centrality of the collision. Since
the temperature and pressure are maximal for the most central collisions these stud-
ies focus on the 10% most central events. The corresponding impact parameter
range is determined using the following deﬁnition [Vog99]:
fgeo(b1 < b < b2) =

2π
Z b2
b1
bdb

1 − e−σNNTAB(b)

/σ
geo
AB. (4.8)
fgeo denotes the fraction of the total geometric cross section σ
geo
AB with the impact
parameter b.
One should keep in mind that this deﬁnition implies wounded nucleon scaling
meaning that the number of nucleons that are struck at least once by the incoming
nucleus (and thus the nucleon is wounded) and scattered inelastically with the cross
section σNN are counted. σNN denotes the inelastic scattering cross section for
elementary nucleus-nucleus which is predicted to be 55.6mb for LHC energies
[dEn03].
The results obtained by using the described formalism are summarized in table
4.3. For the presented studies the number of collisions for the 10% most central
events is used to scale the elementary nucleon collisions to lead-lead collisions.
Calculation of quarkonia yields
As a summary the ﬁnal quarkonia yields are given in table 4.2. The yields per event
for each type were calculated using
YQ ¯ Q =
σQ ¯ Q pp(5.5 TeV )
σinel(5.5 TeV )
× Ncoll × CCNM × Brtype(e+e−) (4.9)
σQ ¯ Q pp(5.5 TeV ) istheproductioncrosssection,σNN =55.6mbtheinelasticnucleon-
nucleon cross section. It is used to normalize the quarkonia production cross sec-
tion to one elementary event to get the expected yield per event. CCNM is the factor
accounting for cold nuclear matter effects and Ncoll the number of collisions from
the Glauber-Model calculations. The resulting yields are now used as input to the
particle generators for quarkonia generation (see table 4.2).4.2 Expected quarkonia yields 51
Table 4.3: Glauber model calculations for different centrality classes calculated
using equations 4.8 and 4.7
fgeo [%] b[fm] Ncoll
0-10 0-5.1 1297
10-30 5.1-8.8 608
30-50 8.8-11.3 184
50-70 11.3-13.3 39
70-100 13.3-16.0 4
Min bias 0-100.0 312
Table 4.4: Calculated yields per lead-lead event for the different quarkonia states
decaying into dielectrons as a function of centrality.
Cent. [%] J/ψ ψ0 Υ Υ0 Υ00
0-10 2.0e-2 3.8e-4 1.6e-4 4.5e-5 1.4e-5
10-30 9.6e-3 1.8e-4 7.8e-5 2.1e-5 6.5e-6
30-50 3.1e-3 6.0e-5 2.4e-5 6.7e-6 2.0e-6
50-70 7.4e-4 1.4e-5 5.5e-6 1.5e-6 4.6e-7
70-100 9.7e-5 1.9e-6 6.7e-7 1.8e-7 5.6e-8
Min bias 5.4e-3 1.0e-4 4.2e-5 1.1e-5 3.5e-652 Quarkonia measurements with the ALICE central barrel
4.3 Event cocktail
To simulate the performance of the ALICE central barrel measurement of quarko-
nia one needs all components contributing either to the signal or to the background.
Apart from the calculated yield of quarkonia states the generation of quarkonia
shall be performed in an almost realistic way. Since measured transverse momen-
tum and rapidity distributions are only available for proton-proton collisions of
1.8TeV [Abe88] the distributions for 5.5TeV have to be scaled to account for
the higher energy. The scaling has been performed using either predictions from
the Color Evaporation Model or wherever possible the measured spectra at the
highest available energies were used for scaling. For the transverse momentum
distributions, measurements by the CDF experiment were ﬁtted with the function
f(pt) = cpt/(1 + (pt/A)2)n. The obtained functions were then extrapolated to
LHC energies using the behavior of hpti with increasing
√
s predicted by the Color
Evaporation Model [Acc04]. The distributions used for quarkonia are shown in ﬁg-
ure 4.2. The generators for higher quarkonia states ψ0, Υ0 and Υ00 use the same
transverse momentum and rapidity parameterizations as for the ground states. For
the rapidity distributions one assumes for the relevant rapidity interval of |y| < 0.9
aﬂatdistributionforthegeneratedquarkoniastateswhichissupportedbyPHENIX
measurements on the J/ψ[Ada06b].
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Figure 4.2: Transverse momentum (left) and rapidity (right) distributions of the
generated J/ψ- and Υ-family. The dashed lines indicate the acceptance of the Cen-
tral Barrel.
Apart from the signal also the background has to be simulated. The expected
sources for background are:
1. single electrons from charm and beauty decays
2. hadrons from charm and beauty decays misidentiﬁed as electrons
3. other hadrons misidentiﬁed as electrons4.3 Event cocktail 53
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Figure 4.3: pT spectra of electrons originating from semi-electronic decays of
charm and beauty hadrons as simulated for the presented studies. A single elec-
tron pT cut of 1GeV/c was applied.
4. electrons from γ conversions
Higher quarkonia states decay into the lower mass states and thus contribute to the
total yield. These states are not regarded as background contributions to the total
yields as they are already included in the quarkonia cross sections given in table
2.2.
The background contributions have to be included in the cocktail event. Elec-
trons and hadrons from charm and beauty decays are simulated using a parameter-
ization for the generation of charm and beauty hadrons and baryons. As the kine-
matical distributions for quarkonia, the used distributions for charm and beauty
mesons were extrapolated from the highest available energies. Since hadrons con-
taining charm or beauty quarks decay hadronically as well as semi-electronically
they contribute via two channels to the background: directly via decay electrons or
indirect via misidentiﬁed pions. As the pT spectrum of the charm and beauty decay
products has signiﬁcant entries in the high-pT region (see ﬁgure 4.3), charm and
beauty are expected to contribute signiﬁcantly to the background in the high-mass
region, there especially to the background in the region of the Υ-family. However
within the ﬁnal analysis there might be an option to suppress the background aris-
ingfromcharmandbeautydecaysusingthehighvertexresolutionandtheresulting
detection of the displaced decay vertex (see also section 5.6). Since the presented
studies use conservative estimates on background contributions, the suppression
due to the secondary vertex reconstruction is not taken into account.
To simulate an almost realistic hadronic background of a lead-lead event a pa-54 Quarkonia measurements with the ALICE central barrel
rameterized HIJING [Gyu94] generator was used. This generator produces pions
and kaons with the relative rates and transverse momentum distributions as mea-
sured by the CDF collaboration [Abe88] and the particle production depending
on pseudo-rapidity obtained by using full HIJING simulations. 87% of the pro-
duced particles are pions while π0, π+ and π− are produced in equal amounts.
The remaining 13% of particles are equally distributed as K0
long, K0
short, K+ and
K−. The total amount of produced particles within the detector acceptance was
adjusted such that it matches the expected multiplicity of dN/dych = 3000, al-
ready discussed in section 3.2. The contributions to the background originating
from photon conversions are not taken into account. The reason is that since the
conversions happen within the detector material, the impact parameter between
these tracks and the primary vertex is large. This enables a very efﬁcient recon-
struction of these conversions and thus the expected contribution to the dielectron
invariant mass spectrum is negligible.
4.4 Evaluation of the detector performance
As it was already described in section 4.1 the time consuming part of simulating
the detector response and the reconstruction of the particle tracks is replaced by us-
ing look-up tables to parameterize the detector response to the traversing particles.
Using this approach it is possible to simulate the amount of data that is expected
to be recorded in one ALICE running year by reducing the computing time needed
to simulate one central lead-lead event from a few hours down to a second. The
parameterization of the detector response and the creation of the look-up tables is
discussed in detail in [Gro05]. Here only a short summary of the studies is given.
The look-up tables have to provide the following informations concerning the de-
tection of a generated particle:
1. Efﬁciency – is the particle detected?
2. Resolution – difference between generated and reconstructed quantities
3. Particle identiﬁcation – detected particle type.
The particle properties are examined with respect to the kinematic variables pT, η
and φ.
The look-up tables were obtained by full simulation and reconstruction of 5000
events. The event generator used for these event consisted of the parameterized HI-
JING generator tuned to multiplicities of dN/dych = 4000 and 6000 and additional
electrons and positrons with a ﬂat pT-distribution. The parameterized HIJING gen-
erator was used to simulate a realistic occupancy of the detector needed to explore
the multiplicity dependence of the track reconstruction. One of the goals concern-
ing the performance of the quarkonia measurements is to study the speciﬁc char-
acteristics of the measurements induced by the energy loss of the electrons, for
this reason 1000 electron/positron pairs were embedded, with a ﬂat pT distribution4.4 Evaluation of the detector performance 55
between 1GeV/c and 10GeV/c. The total number of 1000 electrons increases the
occupancy of the detector only by 2.9% but enables detailed studies on the recon-
struction efﬁciency of electrons especially at higher momenta.
To evaluate the detector response concerning efﬁciency, resolution and particle
identiﬁcation the observed tracks had to fulﬁll certain quality requirements as well
as they had to pass physical cuts. Nevertheless to keep the look-up table as unbi-
ased as possible the cuts were deﬁned in a loose way. The applied cuts are shortly
described in the following for a more detailed description see [Gro05]:
• Reconstruction speciﬁc cuts:
– Lost track cut: If the reconstructed momentum of a track differs more
then 50% from the generated one, the track is considered lost and it is
not used for the further analysis.
– No matching with ITS: Since the tracking in ALICE starts with the
TPC and the found tracks are attempted to be propagated to the ITS
[Iva06], sometimes this propagation fails meaning that there is no pre-
cise information on the production vertex of the particle. Since in the
following analysis quarkonia originating from the primary vertex shall
be studied vertex information is desperately needed, tracks without this
information are not used for the analysis.
– Doubly found tracks: The reconstruction algorithm sometimes due to
technicalreasonsﬁndstwotracksforonegeneratedparticle.Bothtracks
are very similar and in order not to spoil the efﬁciency distributions,
one of the tracks is removed. This problem is known for the used ali-
root version and might be solved in subsequent versions.
• Physical cuts:
– The most powerful cut in reducing the total amount of tracks is the pT-
cut on single electrons. It was chosen to be 1GeV/c within the creation
of the look-up table as well as for the later presented performance stud-
ies. It especially removes electrons originating from conversions of low
momentum photons, π0 and bremsstrahlung. The implications on the
J/ψ yield of this cut will be studied in section 5.5.
– Cut on production vertex: Most of the reconstructed particles are not
primarily produced but originate from subsequent particle decays or
conversions on the detector material. Since it is expected to remove
these secondary particles by the reconstruction of their production ver-
texwithhighefﬁciency,hereonlyparticlesaretakenintoaccountwhich
were produced within a cylinder around the primary vertex with a ra-
dius (x,y coordinates) of 0.1cm and a length (z) of 6cm.
The obtained results for the parameterization of the detector efﬁciency and
resolution are summarized in the following.56 Quarkonia measurements with the ALICE central barrel
Efﬁciency
The efﬁciency is deﬁned as the number of tracked particles divided by the number
of generated particles. In this case the number of generated particles is deﬁned as
the particles generated within the pseudo-rapidity interval of |η| < 0.9. The pa-
rameterization of the efﬁciency is available as two 2D-histograms. One histogram
parameterizing the pT-θ- the other one the pT-φ plane. This way of parameteri-
zation has been chosen since in principal the three parameters pT, θ and φ are not
independent. Since a 3-dimensional binning of the parameter-space would have led
to very high statistics needed for the simulation, it was assumed that θ and φ are
independent coordinates with respect to the efﬁciency. Thus the response function
of the form E(pT,θ,φ) can be written as E(pT,θ,φ) = E1(pT,θ) · E2(pT,φ).
Wherever possible symmetries of the detector are used to increase the statistics in
one efﬁciency bin. In that respect the segmentation of the central barrel into eigh-
teen sectors in φ and the symmetry around the central electrode of the TPC has
been used. The obtained results are shown in ﬁgure 4.4. The projections of the ef-
ﬁciency onto the φ and θ axis clearly reﬂect the geometry of the detector with the
eighteen-fold segmentation in φ, resulting in a 20% drop of the efﬁciency and a
2% drop of the efﬁciency due to the central electrode of the TPC. The decrease of
the efﬁciency with increasing pT is explained by the curvature of the tracks. If a
low pT-particle with a large curvature of the track enters a dead area of the detector
(like in between the φ-sectors) it has a larger probability to enter the detector again
than a high-pT particle with an almost straight track. Consequently this drop of
efﬁciency is not observed in simulations without magnetic ﬁeld.
Resolution
The resolution as quoted here is deﬁned as the difference between the generated
quantity and the reconstructed value. It is given for pT, θ and φ. It was of special
interest since the inﬂuence of the speciﬁc energy loss of electrons on the invariant
mass distributions was one of the motivations for the presented studies. Previous
studies [Mah04] used a detector parameterization obtained from studies on pions
and thus cannot study the effect of the electron energy loss. The obtained param-
eterizations were obtained in a similar way as the efﬁciencies, by comparing the
generated with a reconstructed quantity. The same cuts as for the efﬁciency were
used.
As it was done for the efﬁciency parameterization, the parameterization for
the resolution was done in the pT-θ and pT-φ-plane. This results in a very large
amountofbinsandthusalargeconsumptionofdiscspaceanddataaccesstime.For
this reason the distributions are parameterized by ﬁt functions. The distributions of
the θ- and φ-resolution are Gaussian when keeping the other parameters constant.
This is expected since they should only depend on the detector resolution. The pT-
resolution shows a asymmetric tail due to the electron energy loss. For the θ and
φ distributions a ﬁt with a Gaussian was performed while the pT-distribution was4.4 Evaluation of the detector performance 57
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Figure 4.4: The dependency of the reconstruction efﬁciency of pT (a), θ (b) and φ
(c) as used for the presented studies. Efﬁciencies for dN/dych = 0 (proton-proton
collisions) and 4000 (lead-lead collisions) are shown. See text for details.58 Quarkonia measurements with the ALICE central barrel
ﬁt with a convoluted Landau-Gaussian distribution and to match the tail correctly
a exponential function was used. The ﬁt parameters are then used to reproduce the
distributions again when used in the look-up table.
To give an impression on how the resolution of a certain variable depends on
the other variables projections are shown in ﬁgure 4.5. Since the ﬁt parameters
of the ﬁt to the pT-distribution is not very descriptive here the Gaussian σ of the
peak is shown. The deterioration of the pT-resolution with increasing pT (ﬁgure
4.5 a) simply arises from the fact that with increasing momentum particles are less
bent within the magnetic ﬁeld. Since with less bending radius the uncertainty of
the measured radius increases (as an extreme case one can assume a straight track
meaning inﬁnite bending radius where only a lower limit of the momentum can be
given) also the uncertainty of the momentum measurement increases. However this
decrease of the momentum resolution is accompanied by an increased resolution
for θ and φ (ﬁgure 4.5 c,d). It is attributed to less multiple scattering that high-
momentum particles undergo in contrast to low momentum particles. The spikes
in the σpT(θ) distribution (ﬁgure 4.5 b) reﬂect the gaps in between the TRD-stacks
which lead to the observed lower pT resolution. The distribution σθ(θ) (ﬁgure 4.5
d) can be explained by the diffusion of the charge in the TPC. The charge produced
close to midrapidity with θ ≈ 90◦ has to travel the longest way through the TPC
and thus suffers most from the diffusion of charge in the TPC. A similar effect
accounts for the distribution of σφ(θ) (ﬁgure 4.5 f). Since the tracks with large
values of θ need to travel the longest way through the TPC they loose the largest
amount of energy due to multiple scattering and speciﬁc energy loss and thus the
φ measurement is stronger distorted than for short tracks.
Particle identiﬁcation
For the particle identiﬁcation only the TPC and TRD contribute signiﬁcantly to
the electron-pion separation. When separating electrons and pions one usually de-
ﬁnes two quantities: The ﬁrst one is the electron efﬁciency e deﬁned as the per-
centage of correctly identiﬁed electrons. The second quantity correlated with the
electron efﬁciency is the pion efﬁciency π analogously deﬁned as the percentage
of correctly identiﬁed pions. The two quantities are correlated via the probability
distribution for electrons and pions. Usually after obtaining the distributions one
sets a cut on the electron efﬁciency which then also determines the pion efﬁciency.
In these studies the electron efﬁciency is set to be 90% for each detector which
leads to a combined electron efﬁciency for TPC and TRD of 81% and a momen-
tum dependent pion efﬁciency shown in ﬁgure 4.7. While the TPC shows the best
efﬁciency in the low momentum region, the TRD basically dominates the discrim-
ination from momenta of 3GeV/c on. The discrimination in the TPC is done using
the speciﬁc energy loss in the TPC gas. The dependency of the speciﬁc energy loss
on the particle momentum is shown in ﬁgure 4.6. The speciﬁc energy loss of the
electrons is almost constant in the momentum range between 1-10GeV/c. The en-4.4 Evaluation of the detector performance 59 48 Chapter 4. Physics Performance of the ALICE Central Barrel
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Figure 4.9: Resolution response functions
Shown is the resolution in pt (a-b),   (c-d) and   (e-f). These are shown as func-
tions of pt and  . It was outlined before that the ﬁt to the pt-resolution has 6 ﬁt
parameters, which when plotted are not very suggestive. Instead of that, the   of
Gaussian ﬁts is shown for illustration in (a) and (b). Furthermore  
pt can be seen in
(a) (red). For   and   also the ﬁt parameter   of the Gaussian ﬁts is shown.
Figure 4.5: Projections of the 2D-histograms showing the pT and θ dependence of
σpT (a,b), σθ (c,d) and σφ (e,f). See text for details.
ergy loss of the pions is described by the well known Bethe-Bloch formula 1, low
momentum pions loose a large amount of energy. With increasing momentum the
energy loss approaches a minimum at around 0.6GeV/c. At this point particles are
called minimum ionizing particles. Up to this point pions and electrons can well
be separated by their different energy deposition in the gas. With further increasing
momentum the energy loss of the pions rises logarithmically until it approaches
the electron band at 6GeV/c. Applying a cut on the electron and pion bands in ﬁg-
1For a detailed description see [Leo94, Jac99]60 Quarkonia measurements with the ALICE central barrel
ure 4.6 such that the electron efﬁciency is 90% delivers the momentum dependent
pion efﬁciency further used for these studies. However due to the relativistic rise
of the pion energy loss the two bands are only well separated for momenta below
5GeV/c, for higher momenta the TRD information is used for the separation.
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The way the TRD detects electrons was described in section 3.3.3. Although
the particle identiﬁcation was extensively studied in the same way than the track-
ing efﬁciency and the resolution of the electron measurement, the results of these
studies will not be used here. The reason is that at the time the performance studies
were done the response of the detector with respect to particle identiﬁcation was
not correctly implemented in aliroot. Data collected at a beam test performed in
2004 was believed to deliver more precise data on the momentum dependence of
the electron identiﬁcation with the TRD, however the analysis of this data was not
ﬁnalized at the time these studies were performed. Finally, also for reasons of com-
patibility we used the same parameterization as it was used for the studies on open
charm and beauty [Ale06c]. So for all the presented studies the parameterization
given in ﬁgure 4.7 (TPC×TRD) will be used. In the meantime the analysis of the
2004 beam test data made huge progress. A two-dimensional likelihood procedure
was used to analyze the recorded data and a momentum dependence of the electron
identiﬁcation could be extracted [Ber07] (TPC×TRD 2-dim), the possible changes
due to these new results will be discussed in section 4.6.4.5 Quarkonia acceptance 61
4.5 Quarkonia acceptance
A very important characteristic of the detector is the geometrical acceptance. To-
gether with the production rate, the data acquisition rate and the reconstruction
efﬁciency it can be used to give an estimate of the recorded signals over a certain
time. While the other parameters have been described previously the geometrical
acceptance shall now be evaluated. It is deﬁned as follows:
geo =
Nrec
Q ¯ Q→e+e−
Nsim
Q ¯ Q→e+e−
(4.10)
Thus it is the ratio of reconstructable versus simulated quarkonia. Reconstructable
in this context denotes simply whether the two decay electrons are within the de-
tector acceptance. The geometrical detector acceptance for pseudorapidity η and
azimuthal angle φ is:
− 0.9 < η < 0.9 and 0◦ < φ < 360◦ (4.11)
Deﬁning the detector acceptance this way, dead areas within the detectors like in
between TRD super-modules are not included. The drop in detection efﬁciency
due to these areas is parametrized within the look-up tables described in section
4.4. Although it would be more elegant not to split the acceptance this way, the
drop in efﬁciency due to dead zones in the detector is, because of the curvature of
the tracks, momentum dependent while the pure geometrical acceptance is inde-
pendent of the particle momentum.
To evaluate the geometrical acceptance 1 million pure J/ψ and Υ events have
been simulated. The decay was forced to the e+e− channel, an entry was seen as
reconstructed if both electrons were within the above described geometric accep-
tance cuts. The amount of reconstructed particles depends strongly on the used
rapidity distributions. The simulated distributions for the J/ψ and Υ were already
shown in ﬁgure 4.2. For the J/ψ one obtains an integrated acceptance of 7.69%
and 9.68% for the Υ. Figure 4.8 shows the detection probability of J/ψ’s and
Υ’s with respect to the rapidity. Naturally the probability of detection is maximal
for quarkonia produced around midrapidity. For y = 0 the detection probability
reaches almost 70%.
Apart from the input distribution a possible pT cut on single electrons has
strong implications on the acceptance. The implications of the single electron pT
cut on the acceptance is shown in ﬁgure 4.9. The J/ψ is strongly affected by low
pT cuts. A cut of 1GeV/c already reduces the acceptance by 25%.
4.6 Quarkonia performance
4.6.1 Dielectron analysis
Now that all the various inputs, namely the physics inputs like the different ratios
of particles as well as the detector inputs to the simulations have been described,62 Quarkonia measurements with the ALICE central barrel
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Figure 4.8: Detection probability of J/ψ and Υ as a function of the rapidity of
the produced particle. The detection probability includes only the pure geometric
acceptance of the detector.
the results of the simulations are presented. In general all results correspond to
the expected statistics accumulated within one ALICE running year (see section
3.3.4), so if not else indicated the results correspond to 2 · 108 central lead-lead
events. The results were obtained by the analysis of the events generated according
to the particle cocktail described in section 4.3, these particles were then evaluated
with respect to the efﬁciency, energy loss and particle identiﬁcation given in section
4.4. After that each electron was combined with each positron found in one event,
calculating their invariant mass. The only cut applied to the single leptons is a cut
on transverse momentum of 1GeV/c. Further studies on possible cuts are presented
in sections 5.4 and 5.5.
4.6.2 Invariant mass spectrum
The obtained spectrum is shown in ﬁgure 4.10. The peaks for J/ψ, Υ and Υ0 are
clearly visible. Included in the spectrum are also the various background contri-
butions. The main sources of background are for the lower up to the intermediate
mass region electrons from charm decays, while for the high mass region electrons
from beauty decays and misidentiﬁed pions account for the background. For even
the highest mass region the electrons from beauty die out and only pionic back-
ground remains.
One should also notice the rather long tails of the resonance peaks towards
lower masses. The long tail arises from the energy loss of the electrons with inter-4.6 Quarkonia performance 63
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Figure 4.9: Total geometrical acceptance for the J/ψ and the Υ with respect to the
applied single electron pt-cut.
action with the detector material. Consequently this long tail is not observed in the
muon decay channel (ﬁgure 4.11), there the rather small energy loss of the muons
results in an asymmetric peak shape with only a short tail.
4.6.3 Background estimation
To determine the amount of signals present in the invariant mass spectrum one has
in principle two options: ﬁtting signal+background together with a combined func-
tion or using special techniques to determine the background and then subtract it
from the total spectrum to obtain a clean signal spectrum. The ﬁrst approach is de-
scribed in the following chapter while this chapter concentrates on the techniques
to determine the background. Two commonly used techniques of background esti-
mation shall be described: the event-mixing technique and the like-sign pair tech-
nique. Each of these has its speciﬁc advantages and drawbacks. In principle both
techniques combine measured electrons and positrons in a way that no correlated
signals are expected.
The event-mixing technique combines measured electrons with positrons from
other events and vice versa. Since the two partners originate from totally indepen-
dent events the resulting invariant mass spectrum is totally uncorrelated and does
not show any correlated signals. A further advantage is that one can combine an al-
most unlimited amount of events and thus produce an uncorrelated spectrum with
higher statistics than the correlated spectrum. However doing this one has to be
careful since if the signal to background ratio is very large, the event-mixing tech-
nique might create fake background. This can be easily understood if one considers64 Quarkonia measurements with the ALICE central barrel
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background free events where the event-mixing technique will create uncorrelated
background were there is none. Another drawback of this method is the normal-
ization. Since from event to event the number of produced leptons ﬂuctuates, even
if the same centrality is selected, this will result in non-trivial deviations from the
background of the correlated background. Usually the event-mixing background is
normalized to the correlated spectrum away from the signal peaks and then sub-
tracted. Of course this imposes a systematic error to the signal determination.
Thesecondtechniquethatshallbeevaluatedhereistheso-calledlike-signtech-
nique. This technique combines dielectrons with the same sign, i.e. electrons with
electrons and positrons with positrons. Using this one assumes that two electrons
do not originate from the same physical process and are thus uncorrelated. Since
the electrons and positrons are the same that are used for the unlike-sign spectrum
the resulting background spectrum is automatically normalized to the signal spec-
trum. However using the like-sign technique may also contain correlated signals.
There are two reasons for correlated signals in the like-sign distribution:
• B0-oscillations:
Detailed measurements [Aub02] on the B0-meson showed that it oscillates
to a rather large fraction into its anti-particle. Knowing this one can think of
the following scenario: two b-quarks are created in the initial collision. Both
hadronize, while the ﬁrst one decays semi-electronically with an electron4.6 Quarkonia performance 65
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Figure 6.337. Same as in Fig. 6.334 but when the uncorrelated background is subtracted.
to zero). For the ﬁrst option, the survival probabilities for different centrality classes are given
in Table 6.84.
For each centrality class, the invariant mass distribution with nuclear absorption was
deduced from the one without absorption by applying the central values of the quarkonia
Figure 4.11: Dimuon invariant mass spectrum in the J/ψ mass region as expected
for one ALICE running year [Ale06d] in the rapidity range −2.5 < y < −4.0.
Since muons loose only a small amount of energy through interactions with the
detector material, the tail towards lower masses is much less pronounced as for the
presented dielectron measurements.
as one decay product, the other one oscillates into its antiparticles and may
also decay such that an electron is among the decay products. Since the two
electrons arise from the same initial production process they are correlated.
• Decay of B+B−:
Charged B-mesons decay with a rather large fraction of about 10% into lep-
tons and D-mesons. The D-mesons with a branching ratio of 12%, in turn
might also decay semi-electronically. Thus two or even more correlated elec-
trons arise from one initial b¯ b-pair.
Studies including the above described effects [Cro01] conclude that the like-sign
background should not be used to estimate the background of the unlike-sign spec-
trum, since it underestimates the background on the order of 25%. In the meantime
it has been shown that also the D-meson oscillates [Aub07], thus the described ef-
fects should be studied in the same way for the background arising from charmed
mesons. For the presented studies these effects even though it has been shown
that their contribution is non-negligible are not taken into account. The possible
oscillations of hadrons containing charm and beauty were not simulated and thus
do not effect the like-sign distributions. Doing so it was possible to compare the66 Quarkonia measurements with the ALICE central barrel
background obtained by the event mixing with the background from the like-sign
technique.
4.6.4 Performance of the quarkonia measurements
The aim of the studies described in this chapter is to give a realistic answer to the
question whether quarkonia can be measured with the ALICE central barrel or not
and if the answer is yes what the performance of the measurement will be. The per-
formance is measured by three quantities, namely the signal to background ratio,
the signiﬁcance and the total amount of expected signals. The signal to background
(S/B) ratio and the signiﬁcance (SGN) are deﬁned as follows:
S/B =
P
(Nsignal)
P
(Nbackground)
(4.12)
SGN =
P
(Nsignal)
pP
(Nsignal) +
P
(Nbackground)
(4.13)
While the signal to background ratio is independent of the accumulated statistics,
the signiﬁcance depends on the total amount of recorded events, as well as the total
amount of signals. Besides these quantities also the width of the obtained peaks
is of importance since it can be used as a measure for the mass resolution of the
detector in the various mass ranges of the different quarkonia states.
There are different ways to determine the number of signal and background
entries. One simply uses background subtracted spectra, the other one ﬁts the peak
and integrates the obtained function. Fitting the obtained invariant mass spectrum
shown in ﬁgure 4.10 is not straight forward. First of all since the shapes of the vari-
ous quarkonia peaks differ from each other which can be attributed to the statistical
ﬂuctuations present in the corresponding mass range and the detector resolution
which decreases signiﬁcantly for higher masses. The peaks around the resonances
show, besides their asymmetric shape, a long tail towards lower masses. To account
for the asymmetric peak a convoluted Landau-Gaussian distribution2 was used for
ﬁtting. However this function underestimates the low-mass tail. For this reason an
exponential function was used for the tail. Around the crossover between the expo-
nential and the Landau-Gauss part, an interpolation was used. In addition the back-
ground under the peaks is a composite of various contributions to the dielectron
2 The Landau distribution describes the energy loss of charged particles in thin absorbers or gases.
It is highly asymmetric with a long tail. The distribution can be calculated using
f(λ) =
1
√
2π
e
− 1
2(λ+e−λ) (4.14)
with
λ =
∆E − (∆E)mp
h∆Ei
(4.15)
beingthenormalizeddeviationfromthemostprobableenergyloss.Toaccountfordetectorresolution
effects this distribution is numerically folded with a Gaussian.4.6 Quarkonia performance 67
spectrum and thus an analytic function derived from ﬁrst principles that describes
the dielectron continuum is not available. For ﬁtting the background either a simple
function like a polynomial has to be used or one can use the histograms obtained
by the event mixing and like-sign technique. Since the like-sign technique repro-
duced the shape of the background best, it was used for further studies. For the ﬁt
function a polynomial ﬁt to the like-sign histogram was used. Since the ψ0 and the
Υ00 are only rarely produced ﬁtting did not work for these resonances.
Ofcoursetheresultsofbothintegrationmethodsdependstronglyonthechosen
integration limits. Figure 4.12 shows the signal-to-background ratio with respect to
signiﬁcance for different lower integration limits. The same quantities have been
evaluated for the other quarkonia states. For each state the integration limits have
been chosen such that the values for signiﬁcance and signal to background ratio
becomemaximal.Thelimitsareindicatedaslinesinthedifferentquarkoniaspectra
shown in 4.13-4.15.
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Figure 4.12: Signiﬁcance versus signal
to background ratio for different inte-
gration limits. Each point corresponds
to a pair of lower and upper integra-
tion limits. The ﬁnal integration limits
have been chosen to maximize the sig-
niﬁcance.
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Figure 4.13: The invariant mass spec-
trum in the J/ψ mass region (full cir-
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as well as the like-sign background
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The obtained results for the described performance parameters are given in
table 4.5.
Besides the performance of the measurement the mass resolution of the detec-
tor is of great interest. Since the width of the observed resonances is very small (see
table 4.1) the width of the observed peak is a direct measure for the mass resolution
of the detector. Further on to test the described models on quarkonia suppression it
is necessary to be able to differentiate between the individual family members. It
is especially of interest to be able to resolve the different Υ-states. Following the68 Quarkonia measurements with the ALICE central barrel
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Figure 4.14: The mass region of the ψ0.
Due to the low production rate of the
ψ0 no signiﬁcant peak can be observed,
only a small excess above the back-
ground is visible. This small excess was
used to extract the signiﬁcance and sig-
nal to background ratio by integrating
the signal and background histogram.
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Figure 4.15: The mass spectrum as ex-
pected for the Υ family. Clear signals
can be seen for the Υ and the Υ0. Due
to rather large statistical ﬂuctuations the
Υ00 shows no signiﬁcant signal.
argumentation in [Leo94] two overlapping peaks can be resolved if the distance
between their mean values is larger than the full width at half maximum (FWHM).
Thus one uses the FWHM as a measure for the resolution in the corresponding
energy range. The advantage of using the FWHM is that it is independent of the
shape of the peak and can also be applied to very asymmetric peaks as observed in
these studies. The obtained values for the J/ψ and Υ are given in table 4.6. One
should stress that the obtained resolution for the Υ region is sufﬁcient to resolve
the individual b¯ b states.
4.6.5 Transverse momentum dependent J/ψ production
As a tool to distinguish between various quarkonia production models the measure-
ment of the pT distribution of produced quarkonia states can be used. Of course
dividing the signals into sub-samples corresponding to the reconstructed pT of the
quarkonia state can only be done if the accumulated statistics is sufﬁciently large.
Exemplarily the possibility to study the pT dependent production of the J/ψ shall
be discussed here.
The J/ψ pT has been reconstructed using the pT of the decay electrons deliv-
ered by the fast simulator. The sample was subdivided into ﬁve pT bins. The result-
ing mass distributions are shown in ﬁgure 4.16. As a ﬁrst impression one notices
that with increasing J/ψ pT the background decreases with respect to the signal4.6 Quarkonia performance 69
Table 4.5: Signal to background ratio, signiﬁcance and total signal counts obtained
by integration of the ﬁt function (ﬁt) or the invariant mass spectrum with like-
sign background subtracted (hist). The results represent the expected statistics of 1
ALICE running year (see section 3.3.4).
J/ψ ψ(2S) Υ Υ(2S)
mass mlow 3.0 3.6 9.19 9.8
window mup 3.12 3.7 9.6 10.15
ﬁt 1.225 — 1.22 0.48
S/B
hist 1.235 0.05 1.42 0.68
ﬁt 266.5 — 25.4 10.5
SGN
hist 272.4 10.5 28.4 12.4
ﬁt 1.28·105 — 1174 381
signals
hist 1.34·105 23. 1378 338
Table 4.6: Full width half maximum of the convoluted Landau-Gauss ﬁt as a mea-
sure for the mass resolution.
FWHM [MeV/c2] ∆E/E [%]
J/ψ 65 2.1
Υ 200 2.170 Quarkonia measurements with the ALICE central barrel
peak, consequently the signal to background ratio shown in ﬁgure 4.17 increases
with pT. As the signal to background ratio the total amount of signals as well as
the signiﬁcance of the measurement decreases (see ﬁgure 4.18 left and right). As
an example ﬁve pT bins were used, resulting in a few thousand J/ψs within the
highest momentum bin.
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Figure 4.16: The dielectron invariant
mass distributions for different values
of the J/ψ pT. The high statistics of the
J/ψ would even allow for a ﬁner bin-
ning.
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Figure 4.17: As already visible from
ﬁgure 4.16 the signal to background ra-
tio increases with pT. Integrating over
all pT bins results in the previously
quoted value of S/B =1.235.
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Figure 4.18: The signiﬁcance decreases naturally with decreasing amount of sig-
nals per pT bin, but also for the highest bin the statistics is sufﬁciently high for a
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4.6.6 Multiplicity dependence
As it was already mentioned in section 3.2 the predictions for the multiplicity of a
central lead-lead event are, due to the huge jump in center of mass energy, not very
precise. First estimates used for the design of the detector expected 8000 charged
particles per unit rapidity, however measurements of the multiplicity at RHIC sug-
gest that the multiplicity expected for the LHC is in the region of 3000. As an upper
limit we consider dN/dYcharged = 6000. The multiplicity affects the measurement
in two ways:
1. A large amount of particles results in a high occupancy of the detector. Due
to this high occupancy especially the tracking efﬁciency is expected to de-
crease.
2. More pions lead consequently to a larger number of misidentiﬁed pions con-
tributing to the uncorrelated background and decreasing the performance of
the measurement.
The ﬁrst point was already discussed in [Gro05], as a summary one ﬁnds that
the resolution does not undergo signiﬁcant changes when increasing the multiplic-
ity from dN/dYch = 4000 to 6000 and the efﬁciency slightly decreases by 1%. So
within this multiplicity interval the effect of the occupancy can be neglected.
Basically the performance of the measurement is affected by the second point
namely the larger amount of pions contaminating the electron sample. Figure 4.18
shows the ratio of the invariant mass spectra obtained using nominal and high mul-
tiplicity. As one can see apart from the resonances the uncorrelated background
is enhanced by 30%. This leads to a decrease of the performance parameters. For
the multiplicity of 6000 one ﬁnds a signal to background ratio of 0.94 for the J/ψ
and 1.12 for the Υ (1.22 and 1.42 for dN/dY = 3000) and for the signiﬁcance
252.8 and 26.5 (266.5 and 28.4). Although the performance of the measurement
decreases with increasing multiplicity even a deviation of a factor of 2 from the
nominal multiplicity is not expected to cause serious problems concerning the mea-
surement of quarkonia.
4.6.7 Inﬂuence of the TRD electron identiﬁcation
TRD contribution
To illustrate the contribution of the TRD to the electron identiﬁcation capabilities,
the above described simulations have been performed using only the particle iden-
tiﬁcation provided by the TPC. Since the TRD electron identiﬁcation capabilities
are parameterized as a constant pion suppression factor of 100 (see 4.7) one ex-
pects a dramatic increase of accepted pions per event and thus a huge contribution
from uncorrelated pion pairs in the invariant mass spectrum. Figure 4.20 shows the
invariant mass spectrum using the TPC electron identiﬁcation only and the spec-
trum using the TRD in addition. Without the information provided by the TRD, the72 Quarkonia measurements with the ALICE central barrel
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Figure 4.19: Ratio of the dielectron invariant mass spectra for the nominal
(dN/dYcharged = 3000) and the highest expected multiplicity of dN/dYcharged =
6000. The larger number of pions for the high multiplicity environment leads to
a generally higher uncorrelated background and thus to a decrease of the perfor-
mance.
quarkonia peaks even for the J/ψ are almost not visible. The signal to background
ratio drops to 0.006 for the J/ψ and 0.007 for the Υ and the signiﬁcance is reduced
to 30.5 (J/ψ) and 6.2 (Υ). Thus studies on quarkonia would only be possible us-
ing different techniques of background subtraction or other, more complicated cut
strategies that might be able to reduce the uncorrelated pion background.
New TRD parameterizations
As it was already pointed out in section 3.3.3 the performance of the electron-
hadron separation is still under study. For the presented studies a constant pion
suppression factor of 100 was used. Analysis of data taken during a test beam
performed at CERN in the 2004 imply that the pion suppression will decrease sig-
niﬁcantly with increasing momentum (see ﬁgure 4.21). Even though the analysis
is not yet ﬁnalized two different parameterizations were extracted one using a one-
dimensional (L-Q) and the other one using a multi-dimensional likelihood distribu-
tion(L-Q2)[Ber07].Forhighermomentabothparameterizationsuseastraight-line
approximation which can be seen as a conservative estimate. As the L-Q2 method
has a better pion efﬁciency for lower momenta and is compared to the constant
pion suppression worse for higher momenta the performance for the quarkonium
measurement is better for the lower mass J/ψ region and a bit worse for the high
mass Υ region (see also ﬁgure 4.22). A comparison between the constant, the L-Q14.6 Quarkonia performance 73
]
2 Invariant Mass [GeV/c
0 2 4 6 8 10 12
)
2
E
n
t
r
i
e
s
/
(
E
v
e
n
t
s
*
G
e
V
/
c
-7 10
-6 10
-5 10
-4 10
-3 10 TPC only
TPC and TRD combined
Figure 4.20: The dielectron invariant mass spectrum as obtained by simulating
2·107 events (10% of one ALICE running year). The data for the dark grey his-
togram uses the TPC for electron identiﬁcation only, the data corresponding to the
light grey histogram uses the TRD electron identiﬁcation capabilities in addition.
and the L-Q2 method is given in table 4.7. Studies on using a neural network algo-
rithm [Wil07] for the particle identiﬁcation showed an even better performance on
the pion efﬁciency.
4.6.8 Dependence on elementary charm and beauty production cross
section
The largest uncertainty to the expected performance of the quarkonia measurement
is introduced via the elementary c¯ c and b¯ b production cross section. As already
pointed out in 2.2 the cross section varies between 4-15mb for c¯ c and 0.08-0.34mb
for b¯ b. The production cross section inﬂuences the measurement in two ways:
1. The quarkonia production cross section is proportional to the amount of pro-
duced Q ¯ Q pairs and thus proportional to the elementary production cross
section. For this reason the amount of expected signals scales with this cross
section.
2. A large part of the uncorrelated background consists of either electrons or
misidentiﬁed pions originating from hadronic and semi-electronic charm and
beauty decays. This background also scales with the production cross sec-
tion.74 Quarkonia measurements with the ALICE central barrel
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Figure 4.22: The ratio of the invariant
mass spectrum using the constant pion
suppression factor and the simulations
using momentum dependent pion efﬁ-
ciency shown in ﬁgure 4.21.
The interplay between these two effects now determines the performance of the
measurement. To evaluate the possible implications fast simulations have been
performed for three different Q ¯ Q cross sections. Quarkonia cross sections were
assumed to scale proportional to the Q ¯ Q cross sections. The results are given in
table 4.8. The obtained values all show that even with very different cross sections
from the nominal one, quarkonia measurements are still possible.
4.7 Suppression and enhancement
It was shown that ALICE is very well suited to measure Quarkonia in the dielec-
tronchannelwithgoodsigniﬁcanceandresolution.Allsimulationswereperformed
under the assumption that the lead-lead production yield is determined by the ele-
mentary proton-proton cross section, scaled to the number of elementary collisions
in central lead-lead events. Apart from the suppression of quarkonium production
by cold nuclear matter effects, no suppression or enhancement scenarios were in-
cluded here. Now the question shall be addressed what will be observed if one
includes the dissociation and enhancement models already discussed in section
2.4.3.
First, the case of the J/ψ shall be discussed. The measurements performed
at RHIC imply that the energy density at RHIC is sufﬁciently high to melt the
ground state. Assuming that only dissociation effects take place one would expect
that apart from a 15-20% contribution of J/ψ’s originating from the peripheral,
conﬁned parts of the reaction zone, all J/ψ’s are suppressed as well as the excited
states. Thus the observation would be a by a factor of 5 reduced yield and a lower
signal to background ratio as well as a reduced signiﬁcance. However the pure4.7 Suppression and enhancement 75
Table 4.7: Performance of the quarkonia measurement using the constant, a 1-
dimensional (L-Q) and the 2-dimensional (L-Q2) pion suppression parameteriza-
tion.
J/ψ
TRD PID const L-Q L-Q2
S/B 1.23 1.21 1.47
SGN 266.5 259.1 283.5
Υ
TRD PID const L-Q L-Q2
S/B 1.42 0.79 1.03
SGN 28.4 25.6 25.0
Table 4.8: Performance of the quarkonia measurement using the lower and upper,
as well as the nominal Q ¯ Q cross section.
charm beauty
σQ ¯ Q [mb] 4.0 6.64 15.0 0.08 0.21 0.34
J/ψ Υ
S/B 2.06 1.22 0.64 1.61 1.42 0.57
SGN 224.1 266.5 395.9 18.1 28.4 27.676 Quarkonia measurements with the ALICE central barrel
dissociation models seem to be disfavoured in the explanation of the observed sup-
pression pattern. The models including a production of J/ψ’s at the hadronisation
stage seem to explain the RHIC data more precisely. Since the cross section of this
production mechanism is directly proportional to the number of produced charm
quark pairs, one would expect the yield of J/ψ’s at LHC to be enhanced compared
to these studies. As an example the authors from [And06] predict a production
cross section of dσ
pp
J/ψ = 6.4±3.2µb which is approximately twice as large as the
value used for these studies. Thus one would also expect the yield to be twice as
large. Which can be observed as a clear deviation from the presented studies.
The second case that shall be discussed, is the case of the Υ family. As already
shownintable(2.3)thegroundstateisexpectedtosurviveeventemperaturesabove
4 TC while the excited states melt close to the critical temperature. The question,
that nobody is able to answer currently is what the temperature in central lead-lead
collisions will be at the LHC. So currently there are no predictions whether the Υ
is dissolved or not. Nevertheless the excited states will surely melt, which due to
feed-down of these excited states will lead to a reduced yield for the ground state.
Since the b¯ b pair production at LHC is expected to be on the order of c¯ c production
at RHIC recombination is not expected to play a substantial role for the Υ. So
depending on whether the ground state is going to melt or not one expects two
scenarios. If the ground state does not melt, one expects a pattern similar to the one
observed for the J/ψ at SPS, with increasing energy density the excited states melt
and due to that the ground state yield is reduced by the amount of feed-down. If
the ground state does melt, one would expect a similar observation as for the J/ψ
at RHIC: since the amount of Υ’s being produced during the hadronization should
be negligible and the Υ’s produced in the collision zone center are suppressed, one
expects only a small fraction originating from the peripheral part of the interaction
zone, where the energy density is too low to produce a deconﬁned medium with
sufﬁciently high temperature. Naively, since the dissociation temperature is higher
for the Υ than for the J/ψ one would expect this contribution to be larger than
the 15-20% [Sto07] quoted for the J/ψ. Thus the sequential dissociation model as
well as the total dissociation model, including the peripheral production, might be
able to describe the observed yield.Chapter 5
Analysis of primary and
secondary J/ψ0s with ALICE
5.1 Idea of the analysis
The previous chapter was dedicated to the evaluation of the expected performance
of the future measurements of different quarkonium states. The chosen technique
was to simulate a realistic amount of events without a detailed simulation of the
detector. This chapter will now evaluate the possibilties to measure quarkonium
in the case of the J/ψ using the available tools provided by the ALICE software
framework aliroot [Ali07]. The aim is to develop an analysis algorithm that can
be used as a starting point for real measurements. In this respect many cuts have
been implemented and their implications on the performance has been evaluated.
Further on the possibility to separate primary from secondary J/ψ0s originating
from the decay of b-ﬂavoured mesons (B-mesons) via their displaced decay vertex
has been evaluated.
Thebasicideaoftheanalysisisrathersimpleandwasbasicallyalreadysketched
in section 4.1. For each event all electron and positron tracks are combined with
each other and the invariant mass is calculated. To obtain an estimate on the uncor-
related background one uses either combinations of particles with the same sign
(like-sign distribution) or electrons are combined with positrons from other events
(event-mixing).Themajorbackgroundcontributionsareexpectedfromsemi-leptonic
decays of charm and beauty-mesons and from misidentiﬁed pions. Another large
contributiontothetotalyieldofJ/ψ0sisexpectedfromthedecayofbeautymesons,
up to 20% of all measured J/ψ0s originate from b-decays including either directly
the J/ψ(1S) state or higher excited states which in turn decay into the charmonium
ground state.
There are many possible cuts that can be applied to increase the performance
of the measurement. The following cuts will be discussed in the following:
• cuts on the track quality78 Analysis of primary and secondary J/ψ0s with ALICE
• cut on the transverse momentum pT of the single electron tracks
• particle identiﬁcation
• topological cuts
The cuts on the quality of the track are not directly related to the underlying
physics of the process, but ensures that the information used for the analysis is reli-
able and the reconstruction of the event worked. As already used for the simulation
of the performance in the previous chapter, the cut on the transverse momentum
reduces the amount of background electrons dramatically. Although the particle
identiﬁcation is not a direct cut, it assigns the identity of a particle to a measured
track and is thus of major importance for this analysis since a large fraction of
the background is expected to originate from misidentiﬁed pions. The last group
of cuts are the topological cuts, which will be especially used to separate primary
from secondary J/ψ0s.
5.2 ALICE analysis framework
The design of the ALICE analysis framework [Ali05] is mainly driven by the re-
quirements resulting from the huge amount of data that has to be processed and
stored. As already discussed in 3.3.4 the average data taking rate for lead-lead
collisions is 1.25GB/s while one lead-lead running year is 106 s. From this one ex-
pects 1.25PB1 of lead-lead data. For proton-proton runs a bandwidth of 100MB/s
is foreseen and a total running time of 107 s, thus the amount of data with 1PB is
comparable to lead-lead runs. Since the experiment is expected to run over at least
the next ten years the accumulated raw data has to be completely reconstructed
before the next run in order not to generate pile-ups of not processed raw data. For
proton-proton data the reconstruction will run online in parallel to the data taking.
For lead-lead raw data analysis this is not possible due to the ten times higher data
density, for this reconstruction the 4 month winter shutdown each year will be used.
Looking at these requirements it became clear that this task cannot be han-
dled by one single large computer center. For this reason a grid computing concept
based on the MONARC [Mon] was adapted to fulﬁll the above described require-
ments. The framework is sketched in ﬁgure 5.1. According to this sketch the grid
is hierarchically subdivided into 3 levels of so-called Tier centers. A Tier level is
deﬁned by the type of the stored data. There are four different types of data:
Raw Data – As recorded by the data acquisition.
ESD – Event Summary Data: Reconstructed data; minimal cuts.
AOD – Analysis Oriented Data: Extrated from the ESDs, only data relevant for a
speciﬁc type of analysis is stored.
11PB = 10
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Figure 5.1: Sketch of the proposed structure of the computing grid for ALICE.
TAG – Event tags for event selection.
The grid was designed to handle the huge amounts of data as well as to give physi-
cists access to it for further analysis. The raw data will be kept in the Tier 0 center,
namely at CERN, where also parts or even all of it will be reconstructed for the
ﬁrst time. Parallel to this the raw data will be distributed among the Tier 1 centers,
usually one large computer center per country. In the Tier 1 centers the raw data
will be reconstructed for at least a second time. Due to the huge costs in terms
of CPU power to reconstruct the raw data, this task will be done centralized, and
since it will probably consume the available computing resources during one AL-
ICE running period, more iterations on the reconstructions need careful planning
and cannot be repeated arbitrarily often on the full data set. In addition the Tier
0 center is not foreseen to contribute signiﬁcantly to the data analysis. The Tier
1 centers will apart from parts of the raw data keep a subset of all ESDs, how-
ever via the grid all ESDs will be available for analysis. The Tier 2 centers do not
contribute to the reconstruction of the raw data, and will for this reason not store
the raw data. Instead the Tier 2 centers will perform the necessary Monte-Carlo
production needed for the data analysis. Each center will keep a subset of all ESDs
and AODs for data analysis. The next Tier levels are the Tier 3 and 4. Tier 3 centers
are planned as medium sized clusters at labs or universities keeping only a small
subset of the total amount of the data as a copy. Finally the desktop machine of a
physicist doing analysis is regarded as Tier 4.
The AODs represent a more speciﬁc version of the ESDs. While during the
production of the ESDs any cuts or irreversible changes are avoided, the AODs
are produced with respect to the requirements of a speciﬁc analysis and might for
this reason, as an example, already include cuts on the quality of ESD tracks (see
also 5.4) as well as particle identiﬁcation. In addition results of very CPU intensive
algorithms like secondary vertex ﬁnding might be performed during the production
of the AODs, such that these expensive operations have to be performed only once.80 Analysis of primary and secondary J/ψ0s with ALICE
The aim is to reduce the size of the data such that a reasonable amount of data can
be stored at Tier 3. The analysis presented here is developed for ESDs. In the future
a common framework for all data that has to be analyzed is planned. Using this
framework the user can analyze ESDs, AODs and simulated data without changing
the analysis algorithm. The speciﬁc access to the different data formats is done
within different interfaces implemented within the framework, such that a user
only has to specify the data sample, but will not have to change the algorithms.
The analysis of data is performed within the framework of an AliAnalysisTask.
The concept of an analysis task is simple: since a lot of time is spent on reading
the data from disks or tape one should perform not only one speciﬁc analysis task
within one analyis run, but many tasks, to make maximal use of the event currently
stored in the memory. To perform an analysis on the complete data set one has
to ﬁrst develop a task derived from a prototype class. Different tasks, which may
even depend on each other can than be organized in an analysis train. The input
and output of this train is managed by the analysis manager. Each task residing
in this train is then subsequently executed as soon as the data is available. This
system ensures that a lot of tasks can run on the full data set, without too many
ﬁles being queried at the same time. In addition this system allows to easily activate
and deactivate individual tasks according to their requirements with respect to CPU
time or disc bandwidth consumption.
For the presented studies on J/ψ-analysis a task has been developed. The task
has been run on different data sets to evaluate the implications of the applied cuts
with respect to signal as well as possible background contributions. Thus this task
should not only be seen as a tool to study the performance of the expected mea-
surements on primary and secondary J/ψ0s but also as one of the ﬁrst attempts
to include a more complicated analysis within the new and still heavily develop-
ing aliroot package. One disadvantage of using this framework is that at the time
this studies were performed there was no way foreseen to create mixed events.
However for these studies the like-sign technique is supposed to give a sufﬁciently
reasonable estimate on the expected background.
5.3 Data samples
To evaluate the implications of the various cuts and conditions, different data sets
have been simulated. All simulations were done using the standard simulation and
reconstruction of aliroot. The version of aliroot was 4-04-Release. Since aliroot
still undergoes rapid changes, some effects observed during these studies are only
present for this particular version and are no more present in subsequent versions.
In addition the efﬁciency of the tracking still changes due to further improvements
in the framework. All presented results refer to version 4-04-Release.
The following samples have been simulated:
1. Pure events containing only primary J/ψ and J/ψ0s originating from B-
decays, decaying into dielectrons.5.4 Track quality cuts 81
2. Full J/ψ events. One J/ψ, decaying into dielectrons was embedded into a
background of charm and beauty hadrons, decaying into all possible chan-
nels and a purely hadronic background simulated using 4000 particles gen-
erated by the parameterized HIJING generator.
3. Full secondary J/ψ events. B-mesons forced to decay into a channel in-
cluding a J/ψ, which in turn decay into dielectrons were simulated. These
B-mesons were embedded in a realistic background consisting of charm and
beauty hadrons, with all possible decays, as well as the 4000 parameterized
HIJING hadrons.
4. Pure background events containing only possible sources for background,
namely charm and beauty hadrons and parameterized HIJING hadrons.
For the ﬁrst data set 100000 events were simulated, however these events were
only used to test the developed algorithms. For detailed studies on cut efﬁciencies
the last three data samples were used. For each of them 10 000 events were sim-
ulated. To reduce the total amount of data only the Central Barrel detectors were
used. Nevertheless each of the three data sets had a total size of 140GB. The aver-
age size of one ESD ﬁle was 6.3MB.
Since the ratio of signal to background events varies a lot in these data samples
from the estimates given in table 4.2, the quoted signal to background ratios have
been normalized such that under the same cut conﬁguration as used in section
4.4 (only a single electron pT-cut of 1GeV/c was used) the signal to background
conﬁguration was equal to the ones quoted in table 4.5.
5.4 Track quality cuts
The raw data of the experiment can, due to the limited amount of computing re-
sources, not be reprocessed arbitrarily often. The ESD format was designed such
that it stores a maximum of information and it does not apply any cuts on the qual-
ity of the reconstructed tracks. To enable cuts on the track quality there are a lot of
possible parameters stored parallel to the data to deﬁne the quality of a measured
track. To understand the meaning of these parameters and to evaluate their impli-
cations the tracking procedure shall be brieﬂy described (for details see [Ali05]).
The clusters2 used by the reconstruction algorithm are calculated by speciﬁc
routines individually for each detector. The ﬁrst step is the determination of the
primary vertex which is in this stage not done via reconstructed tracks but from
simple correlations between measured points in the Silicon Pixel Detector [Ali05].
This primary vertex can in a later stage be used to try to constrain tracks to it, to
separate primary from secondary tracks.
2Cluster denotes a combination of detector channels with a signal above a certain threshold. For
most of the detectors not only one channel gives a signal if hit by a particle but the deposited energy
is shared among a few channels.82 Analysis of primary and secondary J/ψ0s with ALICE
After the vertex determination the tracking starts at the outermost pad row of
the TPC. A sketch of the way the tracking takes through the detector is shown
in ﬁgure 5.2. From the track seed found at the outer TPC wall the algorithm turns
inwards towards the center of the detector. Clusters are assigned to a track using the
Kalman ﬁlter [Ali05]. If the procedure reaches the inner wall of the TPC it tries to
ﬁnd matching clusters within ITS. Especially in an high multiplicity environment
thismay resultin alargetree ofpossibilitieswhich haveto beanalyzedwith respect
to the highest probability. From the inner layers of ITS the Kalman ﬁlter tries to
ﬁnd the track in the opposite direction. During this step clusters with a large χ2 are
removedfromthetrack.FromtheouterwalloftheTPCthetrackisthenpropagated
into the TRD and from there to TOF, HMPID, PHOS and EMCAL. At the last
reconstruction step all informations relevant for particle identiﬁcation are assigned
to the track and the track is reﬁtted towards the center of the detector.
1
2
3
5
6
4
TPC
TOF
TRD
ITS
Figure 5.2: Schematic drawing of the way the tracking algorithm for the central
barrel works. At each important point the tracking parameters are stored. (1) Track
seeding, (2) track matching with ITS, (3) ﬁrst ﬁt to vertex, store inner parameters,
(4) ﬁt of the track outwards, store outer parameters, (5) propagation of the track
through TRD and other outer detectors, (6) reﬁt of the track inwards, attempt to
constrain track to the primary vertex, constrained parameters.
Following these steps these are the parameters stored in the ESD used to deter-
mine the track quality:
Track parameterizations: The ﬁve parameters as well as the corresponding er-
ror matrix of each track are stored after reconstruction step three, namely5.4 Track quality cuts 83
after the track was propagated to the detector center. These parameters are
called inner parameters. After the track was propagated outwards towards
the TRD or even further to TOF or other detectors, the outer parameters are
stored. If the reﬁt towards the detector center is successful the reﬁtted pa-
rameters are stored. However all these different parameterizations are only
stored if the corresponding reconstruction step was successful. So the sim-
ple existence of a parameterization tells something about the quality of the
track. From a track originating from the primary vertex or a vertex close to
the primary one, one would require all three parameterizations to be present.
Status bit: To give an easy access to the above described information of whether a
speciﬁc parameterization is present or not as well as to other quality param-
eters a status word is stored for each track. This status word consists of 32
bits, each bit indicating whether a certain criteria was fullﬁlled for this track
or not. It is stored whether a track was successfully propagated to the inner
TPC wall (TPCin), then passed over to ITS (ITSin), ﬁtted back out (ITSout,
TPCout), propagated and tracked through the TRD (TRDout) and ﬁnally if
the reﬁt through all detectors was successful (TRDreﬁt, TPCreﬁt, ITSreﬁt).
In addition a bit indicating whether an information on the particle type is
present (ITSpid, TPCpid and TRDpid) is set. So for a track coming from the
primary vertex, causing signals in all three central barrel detectors one would
require ITSreﬁt, TPCreﬁt and TRDreﬁt to be present. The probability that a
particle causes a certain status bit to be set was studied for all particles and
particularly for electrons. Table 5.1 shows the percentage of all tracks and
electron tracks with the reﬁt bit set. To show the dependence on the trans-
verse momentum, the ESD tracks were divided into ﬁve pT-bins. As already
discussed the track seeding happens at the outer wall of the TPC, thus nat-
urally the percentage of tracks being reﬁtted through the TPC is highest for
all momenta, slightly decreasing for higher momenta. For low momenta the
percentage of tracks reﬁtted through the TRD is rather low since lots of the
tracks do not reach the TRD due to the bending in the magnetic ﬁeld.
Number of clusters: A very important parameter is the measured number of clus-
ters (NCls). One might think of very nicely reconstructed tracks consisting
out of only a few measured points. Informations on such tracks cannot be
seen as reliable and thus one might want to exclude these tracks. Especially
for vertex reconstruction one requires at least one hit in one of the Silicon
Pixel Detectors and hits in most of the other Silicon Detectors, resulting in a
minimum number of clusters of four. Typical distributions of the number of
clusters for ITS, TPC and TRD are shown in ﬁgures 5.3-5.5.
χ2/NCls test: As a measure for the quality of the ﬁt to the track the χ2 [Leo94]
of each ﬁt is stored. For a good ﬁt the quantity χ2/NCls should be close to
one. Figure 5.6 shows the distributions of the χ2 values. Table 5.3 shows the
inﬂuence of three different cuts on the information stored in the ESD tracks84 Analysis of primary and secondary J/ψ0s with ALICE
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Figure 5.3: The distribution of number
of ITS clusters attributed to an ESD
track. The maximum number of six
clusters reﬂects the structure of the six
layers of the ITS.
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Figure 5.4: The distribution of TPC
clusters attributed to an ESD track. The
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Figure 5.6: The distribution of χ2/NCls
for ITS as an example for the distribu-
tion of all detectors. The distribution for
electrons is more narrow than the dis-
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the ﬁt and the corresponding momen-
tum components cannot be seen as re-
liable.
for each of the three detectors. To show the dependence on the momentum,
the data set has been divided into ﬁve momentum bins.5.4 Track quality cuts 85
Table 5.1: ESD tracks with ITSreﬁt, TPCreﬁt and TRDreﬁt bit set.
pT bin [GeV/c] ITSreﬁt set [%] TPCreﬁt set [%] TRDreﬁt set [%]
all electrons all electrons all electrons
0–1 71.4 73.5 95.8 97.7 44.8 50.9
1–3 80.9 73.5 97.4 92.7 75.7 74.2
3–5 66.9 69.9 96.2 88.4 73.0 73.4
5–7 55.7 68.5 93.8 88.8 62.2 75.1
>7 28.0 67.0 87.0 89.3 38.5 76.2
Table 5.2: Inﬂuence of the cut on the number of clusters (NCls) in ITS, TPC and
TRD. The entries show the amount of rejected ESD tracks.
pT bin [GeV/c] 0–1 1–3 3–5 5–7 >7
all tracks 27.4 18.7 32.8 44.0 71.7 NCls(ITS) > 3
electrons 25.8 26.2 29.7 31.1 32.6
all tracks 38.2 28.9 42.3 53.5 75.8 NCls(ITS) > 4
electrons 39.8 37.9 40.8 42.9 44.7
all tracks 51.6 43.4 51.7 57.9 77.1 NCls(ITS) > 5
electrons 69.7 66.6 66.5 66.6 67.1
all tracks 4.4 6.5 13.6 17.2 71.4 NCls(TPC) > 40
electrons 2.1 16.4 22.2 22.4 22.1
all tracks 17.8 20.9 32.5 39.7 59.6 NCls(TPC) > 100
electrons 10.1 34.4 41.2 40.8 40.5
all tracks 59.2 37.8 38.8 47.3 75.0 NCls(TPC) > 140
electrons 41.2 42.1 43.6 42.0 41.3
all tracks 52.8 27.1 28.3 38.1 71.4 NCls(TRD) > 40
electrons 40.4 25.1 25.1 23.0 22.1
all tracks 66.6 38.2 34.7 43.8 75.5 NCls(TRD) > 85
electrons 54.7 35.3 32.0 29.5 29.5
all tracks 75.6 45.0 40.4 48.5 77.9 NCls(TRD) > 105
electrons 60.7 42.2 38.8 36.9 35.886 Analysis of primary and secondary J/ψ0s with ALICE
Table 5.3: Inﬂuence of the cut on the χ2/NCls in ITS, TPC and TRD. The entries
show the amount of rejected ESD tracks.
pT bin [GeV/c] 0–1 1–3 3–5 5–7 >7
all tracks 27.5 18.8 33.4 45.8 77.7 0.1 < χ2/NCls(ITS) < 40
electrons 25.9 26.2 29.8 31.2 32.7
all tracks 28.2 19.3 33.9 46.5 79.3 0.3 < χ2/NCls(ITS) < 20
electrons 26.7 26.6 30.3 31.8 33.3
all tracks 35.5 25.1 37.9 49.6 80.8 0.6 < χ2/NCls(ITS) < 5
electrons 37.8 30.7 32.4 33.5 34.4
all tracks 3.4 2.4 3.5 5.4 10.2 0.1 < χ2/NCls(TPC) < 40
electrons 1.4 7.5 12.2 11.8 11.1
all tracks 3.7 3.4 5.2 7.2 13.0 0.3 < χ2/NCls(TPC) < 20
electrons 1.6 9.0 13.6 13.4 12.5
all tracks 5.2 3.9 6.6 11.0 22.7 0.6 < χ2/NCls(TPC) < 5
electrons 2.0 12.1 17.9 17.4 16.9
all tracks 28.9 19.6 33.7 45.2 72.5 0.1 < χ2/NCls(TRD) < 40
electrons 27.1 28.4 31.7 33.3 34.8
all tracks 29.9 21.2 35.8 46.7 73.2 0.3 < χ2/NCls(TRD) < 20
electrons 28.7 30.9 34.2 35.8 36.9
all tracks 37.3 34.4 45.8 54.4 76.3 0.6 < χ2/NCls(TRD) < 5
electrons 37.7 43.6 43.9 45.2 45.7
Table 5.4: Fraction of kink ESD tracks within different pT bins.
pT bin [GeV/c] kink ESD tracks [%] kink ESD tracks [%] (electrons)
0 – 1 3.4 1.0
1 – 3 9.4 21.2
3 – 5 22.2 26.5
5 – 7 24.0 27.4
7 – 25 22.4 28.95.5 Physics cuts 87
Apart from these parameters originating from the basic reconstruction another
parameter is of importance, the kink index. The algorithm to ﬁnd kinks was intro-
duced to detect Kaon decays like K+ → µ++νµ were only the muon is measured,
but since the neutrino carries half of the momentum and is not measured, the whole
process appears as a positively charged track with a kink at the point of the Kaon
decay. Although this algorithm was designed for these Kaon decays it also ﬁnds
a lot of kinks for other tracks, which basically leads to a duplication of the corre-
sponding track. Whether a track was reconstructed as a mother (decaying particle)
or daughter (produced particle) is indicated via the kink index. Since for this type
of analysis only the primary tracks are of interest and double counting of tracks
should be avoided all kink daughter particles are excluded from further analysis.
The above described parameters are of course not independent from each other.
For example the number of clusters shows a strong correlation with the status bit
for the corresponding detector, in an extreme case, there cannot be a track without
a cluster. To give an impression on how different quality parameters inﬂuence the
reconstruction efﬁciency, the electron tracks from the data set have been evaluated
using three different sets for quality parameters: tight, moderate and loose. Named
according to the strength of the applied criteria. Table 5.5 summarizes the impli-
cations of the various parameter sets on electron tracks. All three sets required the
status bit reﬁt to be present for ITS, TPC and TRD. So only the cuts for the number
of clusters and the χ2/nclusters were varied. Table 5.5 shows the obtained results.
The percentage of accepted ESD tracks is almost the same for the moderate and
loose parameter set, it drops signiﬁcantly for the tight parameter set.
One should note that the presented efﬁciencies are not directly connected to the
tracking efﬁciency. The parameters reﬂect the quality and special characteristics of
the tracks, the requirement to have all reﬁt bits set and a relatively large number of
clusters in ITS reduce the amount of ESD tracks to tracks originating from or only
a small distance from the primary vertex. Secondary tracks, especially secondary
electrons from conversions can only fulﬁll this requirement if they are produced in
the ﬁrst or second layer of ITS. All other secondary electrons are ﬁltered out by
these requirements.
For all further presented studies on the primary and secondary J/ψ detection,
the moderate cut parameter set is used, additionally the reﬁt bits for ITS, TPC and
TRD are required. A detailed study on how the setting of the quality parameters
inﬂuences the tracking efﬁciency should be performed as soon as real data used for
comparison with the simulations is available.
5.5 Physics cuts
5.5.1 Transverse momentum cut
To give an impression on how a real analysis on J/ψ0s might work, various pos-
sibilities to cut on the ESD tracks shall now be discussed. These cuts will then be
evaluated according to their implication on the performance of the measurement.88 Analysis of primary and secondary J/ψ0s with ALICE
Table 5.5: Efﬁciency of combined cuts for three different parameter settings. For
all settings the reﬁt bits were required to be set. Apart from the quality parameters
a cut on pT of 1GeV/c was applied to the ESD tracks.
parameter setting loose moderate tight
ITS 3 4 5
ncluster TPC 40 100 140
TRD 40 85 105
χ2/ncluster min 0.1 0.3 0.6
ITS, TPC, TRD max 40 20 5
accepted [%] 56.1 55.8 24.2
The analysis is similar to the analysis applied to the fast-simulated data presented
in section 4.1. Basically all identiﬁed electrons within all tracks of an event are
combined with all positrons and the invariant mass of the pair is calculated. The
background to the measurement arises from electrons not originating from J/ψ0s,
but from other sources. Possible sources of background were already discussed in
section 4.3. The dominant sources of background to the J/ψ measurement origi-
nate from misidentiﬁed pions and electrons from decays of open charm and beauty.
TheabovedescribedwayofanalyzingtheESDdataoffersdifferentwaysofap-
plying cuts to the individual tracks. The ﬁrst possibility was studied in the previous
paragraph, when the implications of the track quality parameters were discussed.
The remaining cuts, since they reﬂect more the physics of the J/ψ and its decay
products, called physics cuts, are the particle identiﬁcation, the cut on transverse
momentum and topological cuts. The particle identiﬁcation and the cut on trans-
verse momentum are applied to a single particle, while the topological cuts are
applied to a combination of an electron with a positron. The cut on the transverse
momentum is the most important cut to suppress background particles. The cut, as
it was already shown in ﬁgure 4.9, also has a strong effect on the signal, especially
in the case of the J/ψ. Figure 5.7 shows the signal to background ratio of the J/ψ
spectrum as a function of the applied pT cut. The amount of signal was obtained
by the analysis of the data sample 2 (see section 5.3), the background was obtained
by the analysis of data sample 4. The signal to background ratio was normalized
such that for the same mass interval (3.0 GeV/c
2 < minv < 3.12 GeV/c
2) with
the same cuts the calculated signal to background ratio is equal to 1.22, obtained
via the fast simulation framework (see table 4.5).
With increasing pT-cut the background is more and more suppressed. At the
same time the acceptance for the J/ψ decreases until for pT(min) ' 1
2 mJ/ψ the
acceptance approaches zero. As a compromise between the signal to background
ratio and the total amount of measured signals, further presented studies will use
a pT cut of 1GeV/c as it was also used for the presented performance studies,
resulting in an acceptance for the J/ψ of 5.8%.5.5 Physics cuts 89
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Figure 5.7: The signal to background ratio and the acceptance for the J/ψ as a
function of the applied single electron pT cut.
5.5.2 Particle identiﬁcation
The scheme for the particle identiﬁcation was described in [Car04] and shall only
shortly be reported here.
Within the Central Barrel the particle identiﬁcation is performed by the com-
bination of different detectors. The ITS and the TPC distinguish particles via their
speciﬁc energy loss within the detector material, the TRD uses a combination of
the speciﬁc energy loss and the emission of transition radiation to distinguish elec-
trons from heavier particles and the TOF detector uses the time of ﬂight of the
different particles. There are various possibilities to combine the informations on
the particle species by the different detectors.
The scheme chosen for ALICE is based on Bayes‘s theorem [Bro99] on condi-
tional probabilities. The conditional probability P that a measured signal E in one
detector was caused by a particle A of type i can be used to determine the particle
species. Following Bayes‘s theorem it can be calculated by:
P(Ai|E) =
ci · P(E|Ai)
Pn
k=1 ck · P(E|Ak)
, (5.1)
whereci istheprobabilitythataparticleoftypeiispresentinthedetector.P(E|Ai)
is given by the detector response function of each individual detector. Both proba-
bilities are in principle momentum dependent.
To determine the ﬁrst probability ci the relative particle abundances are needed
as input. They are a priori unknown, but there are two proposed ways to obtain
them. The ﬁrst way uses the relative signal height observed in the TOF detector
[Car04], the second way starts the particle identiﬁcation with some educated guess90 Analysis of primary and secondary J/ψ0s with ALICE
on ci and then the relative ratios are tuned by an iterative procedure. The perfor-
mance of the particle identiﬁcation does not strongly depend on the chosen a priori
probabilities ci. Figure 5.8 shows a comparison of the electron efﬁciency  obtained
using the true weights obtained from Monte-Carlo information and weights with
a 10% enhanced/decreased weight for electrons. Depending on the momentum of
the particle the electron efﬁciency deviates maximal 3% from the ideal case where
the Monte-Carlo information was used.
 [GeV/c]
T p
0 1 2 3 4 5 6 7 8 9 10
)
 
[
%
]
 
(
 
-4
-3
-2
-1
0
1
2
3
4
-10%)
  (c   +10%), 
e (c  
+10%)
  (c   -10%), 
e (c  
Figure 5.8: Comparison between the electron efﬁciency  obtained using the
Monte-Carlo particle ratios ci and weights increased/decreased by 10%. The max-
imum effect on the electron efﬁciency is around 3%. Of course the relative particle
ratios are in principal momentum dependent, which is not taken into account in this
study.
The detector response functions P(E|Ai) can be obtained by simulation, com-
parison to test beam data or directly using real data by creating clean samples of
one particle specie using other detectors as a reference.
Under the assumption that the response of N different detectors is indepen-
dent, one can combine the probabilities given in equation 5.1 to deﬁne a global
probability:
W(Ai|E1,E2,...,.EN) =
ci ·
N Q
j=1
P(Ej|Ai)
P
k=e,µ,π,...
ck ·
N Q
j=1
P(Ej|Ak)
. (5.2)
Deﬁning the global PID probability this way has some advantages:5.5 Physics cuts 91
• If one of the detectors cannot distinguish between the different species it will
give equal probabilities to all species, thus the contribution of this detector
just cancels in equation 5.2.
• Since the relative abundances of particles are not known during the recon-
struction, the event summary data store only the probabilities determined by
the detector response functions. Thus the ﬁnal decision of the identity of a
particle causing the measured track can be postponed to the physics analysis,
enabling further cuts on the quality of the particle identiﬁcation.
To ﬁnally attribute a particle species to a measured track one calculates equation
5.2 using relative abundances obtained from one of the above described methods.
The particle specie with the highest probability is then attributed to the track. Since
the detector response functions did not reﬂect the realistic performance of the de-
tector within the used aliroot version, conclusions on the performance of the parti-
cle identiﬁcation framework shall not be drawn within these studies. The response
functions have been corrected within subsequent releases and currently the perfor-
mance of the particle identiﬁcation is subject to extensive studies [Wil08, Ber07].
For all presented studies here the Monte-Carlo information of the particles is used
together with the already introduced parameterization 4.6.7 to model the expected
performance.
5.5.3 Topological cuts
Opening Angle
Theopeningangleαbetweenthemomentumvectorsoftheelectronandthepositron
shall be evaluated to see whether it can be used to distinguish between correlated
pairs originating from a J/ψ decay and uncorrelated pairs. The distribution of the
opening angle is shown in ﬁgure 5.9. The distribution is asymmetric with a broad
maximum around 60 ◦. Given this broad distribution it is questionable if the open-
ing angle can be used to enhance the signal to background ratio, without cutting
too much into the signal distribution.
To show the effect of the cut a similar analysis was performed as in the case
of the pT cut. To obtain the signal to background ratio the data sets 2 and 3 were
analyzed using different cuts on the opening angle. The method to calculate the
signal to background ratio is equivalent to the method introduced in 5.5.1. Two
different cuts on the opening angle were used, the limits are indicated as lines in
ﬁgure 5.9. The corresponding results for the signal to background ratio are given
in table 5.6. The ﬁrst set of cuts reduces the background in a similar way than
the signal (both reduced by 13%), thus the ratio remains constant, only the rather
rigid second cut set reducing the signal by 44% is able to suppress the background
further, such that the signal to background ratio increases slightly. Considering
these results it is clear that a cut on the opening angle is not able to signiﬁcantly
increase the performance of the measurement.92 Analysis of primary and secondary J/ψ0s with ALICE
Table5.6:Implicationofthecutontheopeningangleαonthesignaltobackground
ratio (S/B) and the efﬁciency of J/ψ pairs  calculated relative to the uncut sample.
α > α < S/B  [%]
0 180 1.22 100
20 140 1.23 87
35 90 1.28 56
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Figure 5.9: Distribution of the opening angle α between the measured momentum
vectors of electron and positron at the point of the J/ψ decay. The lines indicate
the cuts for 87% and 56% J/ψ reconstruction efﬁciency.
Distance of closest approach
The distance of closest approach dca denotes the closest distance between the elec-
tron pair. For electron pairs originating from the decay of a primary J/ψ or any
other particle one expects a distribution for the dca which is dominated by the
combined impact parameter resolution, given in ﬁgure 3.4. The distributions for
pure electron pairs and all pairs are shown in ﬁgure 5.10. The distribution for the
pure pairs has a Gaussian shape with σ =200µm. The distribution for all pairs,
containing uncorrelated background pairs from misidentiﬁed pions and electrons
from charm and beauty decays is much broader and reaches out to dca >2cm.
According to the distribution shown in ﬁgure 5.10 a cut on the dca should
especially for dca >600µm reduce the amount of uncorrelated background pairs
while the pure signal pairs remain almost unchanged. To test this hypothesis the
analysis algorithm has been applied to different data sets with different cuts on the5.6 Reconstruction of secondary J/ψ0s 93
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Figure 5.10: The distributions for the distance of closest approach dca for pure
electron pairs from secondary J/ψ decays and for all pairs, including uncorrelated
background from different sources. The distribution for the pure pairs has Gaussian
shape, the σ =200µm reﬂects the impact parameter resolution for ITS.
dca. The results are summarized in ﬁgure 5.11.
The results where normalized to the signal to background ratio given in table
4.5 and the efﬁciency was normalized to the absolute number of signals recorded
with an analysis without dca cut. Only for rather low cuts of less than 200µm leads
to a signiﬁcant increase in the signal to background ratio, which in turn goes with
a decrease of the signal efﬁciency.
Although the cut on the dca is not appropriate to signiﬁcantly increase the
performance of the measurement, the implementation is of great importance for
the reconstruction of secondary J/ψ decays. Within the algorithm, the dca is used
to determine the J/ψ decay vertex. It is assumed, that the point where the two
leptons come closest is the J/ψ decay vertex.
5.6 Reconstruction of secondary J/ψ0s
Due to the excellent capabilities to reconstruct decays of charm and beauty mesons,
ALICE will also be able to distinguish between primary and secondary J/ψ pro-
duction. As an extension of the presented analysis, the capabilities to identify sec-
ondary J/ψ0s shall be evaluated. Within this analysis the capabilities of the identi-
ﬁcation via two parameters, r and b (see ﬁgure 5.12), shall be evaluated.
The algorithm used to determine the secondary vertex is based on the AliKF-
particle package [Kis07] which was recently introduced into the aliroot frame-94 Analysis of primary and secondary J/ψ0s with ALICE
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Figure 5.11: The efﬁciency of the signal and the signal to background ratio as a
function of the maximum allowed dca.
work. The package is based on the Kalman ﬁlter [Fru00] algorithm, and it uses
the same parameterization of the particles as used in the reconstruction. It allows
very easy and intuitive combinations of particles and is therefor ideally suited to
reconstruct the J/ψ out of two measured leptons and to determine its decay vertex.
Since the package is rather new, these studies can also be seen as one of the ﬁrst
complex implementations.
Since these studies are focussed on the analysis of lead-lead collisions the in-
formation on the primary vertex is taken from the ESD directly. The primary vertex
in lead-lead collisions is determined via linear ﬁts from tracks within the ITS. Since
the track density is very high in this environment, the primary vertex coordinates
are rather well determined [Car04].
5.6.1 Secondary vertex determination
The secondary vertex is determined via the distance of closest approach (dca) be-
tween the electron and the positron. The exact point of the distance of closest ap-
proach is determined by the AliKF-package, by minimizing the distance between
the two reconstructed tracks. To show that the secondary vertex can be determined
via this method a comparison of the reconstructed distance r and the simulated
distance has been performed. The comparison for pure B-meson events and events
with a lead-lead background is shown in ﬁgure 5.13. The distribution is asymmetric
with a long tail towards positive values, meaning the parameter r is overestimated.
The fact that r is overestimated can be attributed to the electron energy loss
which shall be discussed in more detail in section 5.6.3.
In general the comparison shows that one can use the initial assumption that5.6 Reconstruction of secondary J/ψ0s 95
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Figure 5.12: Topology of a B-meson decay (e.g. B+ → J/ψ + K+). The dis-
tance between the primary and the secondary vertex (r) can be used to distinguish
between primary and secondary J/ψ production. In addition the closest distance
between the reconstructed J/ψ path and the primary vertex (b) is used to distin-
guish between correlated signals and uncorrelated background.
the point of the minimal dca can be used to determine the J/ψ decay vertex. For
the pure data sample more than 90% of the entries deviate less than 100µm from
the Monte-Carlo truth, while for the embedded events, due to the degradation of
the reconstruction in the high ﬂux environment 70% of the entries are within an
interval of ±100µm.
5.6.2 Primary – secondary J/ψ separation using r and b
As it was brieﬂy described before the basic idea is to determine the vertex of the
secondary J/ψ and its distance to the primary vertex (r) by the minimal distance
between the electron and the positron. For primary J/ψ0s a distribution of r around
zero is expected, deﬁned by the resolution of the detector. For J/ψ0s originating
from B-meson decays the distribution is expected to be deﬁned by the life time
of cτ = 500µm. In addition, to deﬁne criteria to distinguish between them, the
relative ratio of primary to secondary J/ψ0s is of importance. According to the
calculations presented in section 4.2 0.02 J/ψ → e+e− per central event are ex-
pected. Following the same calculations for the B-meson decay with a production
of 8 B-mesons per central event, a branching ratio of σB→J/ψ+X ≈ 1% and the96 Analysis of primary and secondary J/ψ0s with ALICE
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Figure 5.13: The difference between the reconstructed parameter rrec and the true
distance between the primary and the J/ψ decay vertex rMC. The gray area shows
the distribution for the data sample containing only pure B-decays while the trian-
gles show the distribution for decaying B-mesons embedded in a lead-lead back-
ground event. The long tail can be attributed to the energy loss of the electrons (see
text for details).
branching ratio of σJ/ψ→e+e− ≈ 6% one expects 4 · 10−3 J/ψ’s from B-meson
decays per event, which is 20%3 of the expected primary J/ψ production. In all
further studies this ratio will be used to normalize primary and secondary J/ψ0s
relative to each other.
Figure5.14showsthedistributionofther parameterforprimaryandsecondary
J/ψ0s without background from uncorrelated pairs. Even for large values of r be-
yond the B-meson lifetime of 500µm the contribution from secondary J/ψ0s is
only as large as the contribution from primary production. Judging from this dis-
tribution r is not well suited to distinguish between primary and secondary J/ψ
production.
In addition to the parameter r the parameter b has been evaluated, according
to the possibility to enhance the performance of the separation. b denotes the min-
imal distance between the reconstructed J/ψ ﬂight path and the primary vertex.
For primary J/ψ0s one expects only small values of b again dominated by the de-
tector resolution. For secondary J/ψ0s the average values are expected to be larger
than zero since due to the decay of B → J/ψ + X the direction of the J/ψ and
the B-meson are slightly different, thus the J/ψ ﬂight path does not necessarily
3Of course this number depends in principle on the corresponding momentum of the J/ψ. Sim-
ilar measurements performed by the CDF experiment [Aco04] showed that the relative ratio of pri-
mary/secondary J/ψ production ranges from 1% for low pT to 45% for high pT.5.6 Reconstruction of secondary J/ψ0s 97
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Figure 5.14: Distribution of the r parameter for primary and secondary J/ψ0s.
Background from uncorrelated pairs is not included and the invariant mass of the
electron pair was not limited to the J/ψ mass. Due to the relative ratio of 1:4 for
secondary to primary production, even for large r of more than the lifetime of the
B-meson, r is not able to give a reasonable criterion to distinguish between the two
different production mechanisms.
point to the primary vertex. Figure 5.15 shows the distribution of b for primary and
secondary J/ψ0s. Even worse than in the case of r, b is not suited to distinguish
between primary and secondary production. The reason is that due to the decay
kinematics the very heavy J/ψ takes most of the momentum of the B-meson and
thus ﬂies in almost the same direction, and points back to the primary vertex.
5.6.3 Impact of the electron energy loss
The speciﬁc energy loss of the electrons due to bremsstrahlung affects the deter-
mination of the precise track and thus also the determination of the location of the
vertex. Figure 5.16 shows the correlation between the reconstructed parameter r
and the invariant mass of the electron pair. The ﬁgures contain only pure events
in order not to be disturbed by uncorrelated background pairs. Although the cor-
relation is not very strong, one can safely conclude that large values of r typically
coincide with a signiﬁcantly lower invariant mass. The deviation from the nominal
mass can be attributed to a energy loss of one or of both of the electrons due to
bremsstrahlung.
If an electron radiatesoff a sizeable fraction of its energy dueto bremsstrahlung
the measured bending radius of the track is smaller than the real, undisturbed bend-
ing radius. If the bending radius and thus also the momentum measurement is dis-
turbed by the energy loss the tracking algorithm reconstructs a track slightly de-98 Analysis of primary and secondary J/ψ0s with ALICE
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Figure 5.15: The distributions of primary and secondary produced dileptons as a
function of the parameter b. It has almost no power to distinguish between primary
and secondary production.
]
2  [GeV/c inv m
1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4
r
 
[
c
m
]
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1
10
2 10
3 10
  pure primary J/
]
2  [GeV/c inv m
1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4
r
 
[
c
m
]
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1
10
2 10
+X    J/   pure B 
Figure 5.16: The correlation between the invariant mass minv and r. The ﬁgures
show pure data sets of primary (left) and secondary (right) J/ψ production. Large
values for r coincide with an underestimated invariant mass. Only for the pairs
from secondary J/ψs with the correct invariant mass, large values of r can be
observed.
viating from the original path of the particle, thus also the vertex determination is
affected. Since due to the orientation of the magnetic ﬁeld the bending radius is
only measured in the xy-plane4 an effect should be visible for the measurement of
4The ALICE coordinate system [Ali03] is deﬁned as:
x axis perpendicular to the beam, positive direction points towards accelerator center;5.6 Reconstruction of secondary J/ψ0s 99
the x and y coordinates of a single electron track, while for the z-coordinate one
would not expect a correlation with the electron energy loss. Figure 5.17 shows the
correlation between the deviation of the nominal and the measured pT for a single
track (∆pT) and the minimal distance between the reconstructed track and the x-
coordinate of the production vertex. Of course this ﬁgure is totally dominated by
the high statistics around ∆pT ' 0. To quantify a possible effect on the spatial
resolution, the histogram was subdivided into eight bins in ∆pT and a Gaussian
was ﬁt to the resulting distributions. The obtained ﬁt values for the σ of the Gaus-
sian are shown in ﬁgure 5.18, right. The more the reconstructed pT deviates from
the simulated value, the larger the reconstructed track deviates from the original
position. As a comparison the same procedure was applied to the z-coordinate of
the tracks. Figure 5.18, left shows the results, in contrast to the resolution in x, the
z resolution is not affected by the pT measurement.
It was demonstrated that the energy loss of the electrons not only affects the
invariant mass calculation but also the determination of the J/ψ decay vertex. The
easiest solution to this problem is to allow only electron pairs corresponding to
the correct invariant mass. Figure 5.19 shows the distribution for the parameter
r where now only electron pairs contribute with a mass between 3.0GeV/c2 and
3.2GeV/c2. Since now especially for the primary sample a lot of pairs with large
r have been rejected, the secondary produced pairs dominate the total distribution
from r > 500µm on. Nevertheless by the application of this cut one rejects on the
order of 35% of the originally produced primary and secondary J/ψ0s.
To avoid this loss of signal of about 1/3 of all signals the tracks would have to
be corrected for the energy loss. The standard reconstruction uses the Kalman ﬁlter
for the reconstruction of the tracks. It allows for Gaussian-like process noise during
the track ﬁnding, in this way it is possible to take in account deviations from the
nominal position due to multiple scattering. In the standard aliroot tracking scheme
all particles are tracked as if they were pions5, thus the correction for multiple
scatteringistunedforpions.Thiscorrectionofcourseisnotsufﬁcientforelectrons.
For electrons, due to the emission of bremsstrahlung an asymmetric process noise
distribution is needed, however a priori the Kalman ﬁlter is not able to handle
asymmetric distributions as process noise. There exist solutions which are able to
treat the electron speciﬁc energy loss [Kar07], however if and how these solutions
can be applied for the ALICE tracking system has to be evaluated in the future.
5.6.4 Impact of the uncorrelated background in lead-lead collisions
In the previous section the possibility to separate primary from secondary J/ψs
was discussed, now the contribution from uncorrelated pairs shall be studied. To
study the impact of the uncorrelated background three data samples where used:
y axis perpendicular to the beam, positive direction pointing upwards;
z axis parallel to the mean beam direction, positive direction pointing away from the muon arm.
585% of all charged particles are expected to be pions.100 Analysis of primary and secondary J/ψ0s with ALICE
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• J/ψ → e+e− embedded into a lead-lead background
• B → X + J/ψ → e+e− embedded into a lead-lead background
• alead-leadbackgroundincludingcontributionsfromcharmandbeautymesons.
The data samples consisted of an equal amount of events, in total more than 30.000
events were produced and fully reconstructed. All events were analyzed using the
previously deﬁned physics and track quality cuts. In addition to remove pairs con-5.6 Reconstruction of secondary J/ψ0s 101
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Figure 5.19: The distribution of r using a cut on the invariant mass of
3.0 GeV/c
2 < minv < 3.2 GeV/c
2. From r > 500µm on the total distribution is
dominated by secondary J/ψ production.
taining one or two electrons with a large energy loss, the invariant mass region has
been set to 3.0-3.2GeV/c2.
First the signal data samples are mixed according to the previously used mixing
ratio of 0.2 secondary J/ψ per primary. Then the resulting distribution is combined
with the uncorrelated background. The ratio of the two contributions is chosen such
that the signal to background ratio in the resulting invariant mass distribution is the
same as obtained by the fast simulations presented in section 4.6.
The resulting distributions for r and b, containing contributions from primary
and secondary J/ψ production, as well as background from uncorrelated pairs is
shown in ﬁgure 5.20 and 5.21. For the parameter r there is a clear difference be-
tween primary and secondary production. Compared to the distributions for pure
J/ψ production,showninﬁgure5.14,thebackgroundfromuncorrelatedpairsadds
a contribution to the overall distribution comparable to the contribution from sec-
ondary J/ψ0s. However since this background originates from uncorrelated pairs
one might able to model it using mixed events and subtract the contribution within
an invariant mass analysis.
For the parameter b one can conclude that it has almost no power to distinguish
between primary and secondary J/ψ production, in addition one expects a back-
ground distribution from uncorrelated pairs, comparable to the one from secondary
J/ψ production.
To quantify the contribution from the different sources i the probability Pi(r)
was deﬁned as the probability that an electron pair for a given parameter r orig-
inates from either primary production, secondary production or from an uncorre-102 Analysis of primary and secondary J/ψ0s with ALICE
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Figure 5.20: The distribution of r for central lead-lead events. The different data
samples were mixed such that the expected signal to background ratio of 1.23
(3.0 GeV/c
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2, see section 4.6) was achieved. Over the
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b [cm]
0 0.02 0.04 0.06 0.08 0.1 0.12
e
n
t
r
i
e
s
 
[
a
.
u
.
]
-5 10
-4 10
-3 10
-2 10
-1 10
all contributions
  primary J/
  secondary J/
Figure 5.21: The distribution of b for central lead-lead events. The distribution was
obtained using the same procedure as for ﬁgure 5.20. As already indicated by the
studies with background free events, the parameter b has almost no power to distin-
guish between primary and secondary production and suffers from a background
from uncorrelated pairs, that is comparable to the contribution from secondary J/ψ
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lated pair:
Pi(r) =
Ni(r)
Pk
j=0 Nj
(5.3)
The resulting probability distribution for all three sources is shown in ﬁgure 5.22.
For small distance r the pairs from primary production clearly dominate. From
the B-meson lifetime of cτ = 500µm on the primary contribution falls below
the secondary and uncorrelated one. Only from r > 0.06cm on, the secondary
contribution has the highest probability.
However ﬁnal conclusions shall not be drawn here since the remaining statis-
tics of the uncorrelated sample was rather low and the large contribution in the
spectrum can partially be attributed to the used normalization of the different con-
tributions. Further studies with larger data samples should be performed in the
future. Or, as a more elegant solution uncorrelated pairs from event mixing should
be used to simulate a realistic background of the measurement. As it was pointed
out earlier, the used framework was not ready to produce mixed events.
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Figure 5.22: The probability Pi(r) that an entry in the invariant mass spectrum
with a mass between 3.0GeV/c2 and 3.2GeV/c2 was caused by a primary or a
secondary J/ψ or by an uncorrelated pair. The entries from secondary production
dominate for r > 0.06 cm.
5.7 Conclusion
The aim of the studies presented in this chapter was to develop and test an analy-
sis algorithm within the existing aliroot framework. The implementation was done
as an AliAnalysisTask, the common software platform for analysis within ALICE.
Various cuts, concerning the track quality and the physics of the examined process104 Analysis of primary and secondary J/ψ0s with ALICE
have been implemented and evaluated with respect to their implications of the efﬁ-
ciency of the analysis. Since the framework still undergoes rapid changes and so far
no measured data for comparison is available, most of the studies concentrated on
the technical implementation, wherever results on the efﬁciency of cuts are given,
these refer only to the used version of aliroot v4-04-Release.
First the possibilities to select tracks according to speciﬁc quality criteria were
studied. To understand the meaning of the speciﬁc parameters the general layout
and working principle of the reconstruction software was described. The frame-
work for data storage in aliroot offers a large variety of quality parameters to select
tracks according to the reliability of the contained information.
Further on the most important cuts concerning the physics have been studied,
namely the cut on the transverse momentum and the particle identiﬁcation. The
cut on transverse momentum as it removes all low momentum tracks, signiﬁcantly
increases the signal to background ratio for the J/ψ measurement, however for
pT > 1GeV/c it also reduces the acceptance for the J/ψ by 30%. The framework
for particle identiﬁcation based on a Bayesian approach for the combination of the
different detectors is implemented but since the major part, namely the response
functions for the various detectors were not correctly implemented, a parameteri-
zation in combination with the knowledge on the real particle specie was used for
the analysis.
In addition topological cuts were implemented, making use of the excellent
vertex and track reconstruction capabilities of the ALICE central barrel. For all
topological studies a relatively new package, called AliKFParticle, was used. Thus
this study represents one of the ﬁrst complex implementations of this package. For
the analysis of primary J/ψ0s the possibility to select electron pairs according to
their opening angle and their distance of closest approach have been studied. Both
parameters according to these studies do not signiﬁcantly increase the performance
of the measurements.
Although the distance of closest approach is not well suited to increase the
performance of the measurement it is of great importance for the detection of the
secondary vertex. It was demonstrated that the point where the electron and the
positron track come closest is a good approximation for the point of the decay
of the b-meson. With this point one is able to determine the distance between the
primary and secondary vertex. This distance is the most important parameter to
separate primary from secondary J/ψ production. It was shown that in principle
the secondary J/ψ production should dominate the distribution of r from approxi-
mately one life-time cτ = 500µm on.
There are two interfering effects to the measurement, the impact of the elec-
tron energy loss and the background from uncorrelated pairs. The speciﬁc elec-
tron energy loss affects the vertex determination since due to the emission of
bremsstrahlung the curvature of the track is smaller compared to the undisturbed
track, therefor the reconstructed track deviates from the nominal position. Further
studies on the possibility to correct for the electron energy loss during the recon-
struction should be performed in the future.5.7 Conclusion 105
Withtheappliedcutsitwasnotpossibletocompletelysuppressthebackground
from uncorrelated pairs expected in central lead lead collisions. The remaining
contribution is comparable to the contribution from secondary J/ψ production.
However the relatively small statistics in the sample of uncorrelated pairs results
in a relatively large uncertainty on the exact shape and size of the distribution of
background pairs.106 Analysis of primary and secondary J/ψ0s with ALICEChapter 6
Summary and outlook
The measurement of quarkonium is since more than 20 years after the original idea
still among the hot topics of heavy-ion physics. Although recent measurements
showed that the original picture of a total suppression of quarkonium in the quark
gluon plasma had to be modiﬁed.
There is so far no common theoretical interpretation of the data accumulated
by the NA60 and Phenix experiment. The most successful models in describing the
data include apart from the suppression a mechanism for quarkonium production
in later stages of the collision.
Different models, describing the current experimental status, signiﬁcantly dif-
fer in the predictions for collision energies of 5.5TeV per nucleon. Thus the ex-
pected quarkonium measurements with the ALICE detector will contribute signif-
icantly to resolve the theoretical puzzle.
To evaluate the expected performance of the quarkonium measurement under
realistic assumptions a fast simulation framework was used to simulate the ex-
pected statistics for one ALICE running year. Within this framework the perfor-
mance of the detector was studied with respect to the efﬁciency and the resolution.
Especially the effects of the electron speciﬁc energy loss have been studied.
It has been shown that with its excellent electron identiﬁcation capabilities of
the TRD and the good momentum resolution of the Central Barrel after one year
of lead-lead data taking a signiﬁcant amount of signals for the J/ψ and the Υ fam-
ily can be expected. The performance of the measurement has been studied with
respect to the variation of many input parameters like the underlying multiplicity
of the event, the elementary charm and beauty cross section and the performance
of the electron identiﬁcation. It has been demonstrated that within the expected
variations of the input parameters the measurement of the quarkonium states is
possible.
In addition to the performance studies an ESD-based analysis algorithm has
been developed to reconstruct quarkonium in lead-lead collisions. Possible cuts, on
the quality of the used tracks as well on the physical quantities have been studied
according to their impact of the performance of the analysis.108 Summary and outlook
As an extension the reconstructed electron and positron tracks are used to de-
termine a possible secondary vertex. This vertex reconstruction can be used to sep-
arate primary from secondary J/ψ production. In this study there was a special
emphasis on the impact of the electron energy loss and the possible impact of un-
correlated lepton pairs, originating from the underlying lead-lead event.
The electron speciﬁc energy loss does not only effect the momentum measure-
ment, but seems to have an inﬂuence on the determination of the overall tracking
parameters and thus also effects the vertex determination. As this result was rather
unexpected it should be subject to further studies in the future with a special em-
phasis on possible ways to recover the electron energy loss.Appendix A
Kinematic variables in heavy-ion
collisions
In this section the deﬁnitions of kinematical variables used within this thesis shall
be given.
• Total energy E:
The total energy E of a particle is deﬁned via:
E2 = m2
0 + ~ p2 (A.1)
m0 denotes the rest mass of the particle and ~ p its three momentum vector.
• Center of mass energy
√
sNN: √
sAB is deﬁned as the available energy for particle production in a collision
of two nuclei with A, B nucleons. It can be calculated using the total energy
Ei and the momentum ~ pi of a particle i.
√
sAB =
p
(EA + EB)2 − (pA + pB)2 (A.2)
s is as the norm of a 4-vector Lorentz-invariant.
• Transverse momentum pT:
Thetransversemomentumdenotesthemomentumperpendiculartothebeam
axis. It is deﬁned as:
pT =
q
p2
x + p2
y (A.3)
with px, py as the momentum components in x and y direction (beam-axis
parallel to z). With θ as the polar angle between the momentum vector and
the beam axis pT can be written as:
pT = p · sinθ (A.4)
By deﬁnition the transverse momentum is Lorentz-invariant under transfor-
mations in beam direction.110 Kinematic variables in heavy-ion collisions
• Transverse mass mT:
The transverse mass is deﬁned as:
mT =
q
p2
T + m2 (A.5)
with m as the rest mass of the particle.
• Longitudinal momentum pL:
The longitudinal momentum denotes the momentum in longitudinal direc-
tion, parallel to the beam axis:
pL = pz (A.6)
or analogous to A.4
pL = p · cosθ. (A.7)
• Rapidity y:
The rapidity y is deﬁned as:
y =
1
2
ln

E + pz
E − pz

(A.8)
Since the rapidity contains the total energy, the particle has to be identiﬁed.
Although the rapidity is not invariant under a Lorentz-transformation, it was
deﬁned such that a Lorentz-transformation results in an additive constant.
The rapidity is connected with the longitudinal momentum of the particle:
pL = sinhy (A.9)
• Pseudorapidity η:
η is deﬁned as:
η = −ln

tan

θ
2

=
1
2
ln

|p| + pz
|p| − pz

(A.10)
In contrast to the rapidity it is deﬁned even if the particle type is unknown.
The measurement of the polar angle θ is sufﬁcient to calculate the pseudo-
rapidity. For E >> m0 the pseudorapidity approaches the rapidity η ≈ y.
Some useful relations for the pseudorapidity are:
|p| = pT coshη (A.11)
pz = pT sinhη (A.12)111
• Energy density :
The energy density  created in heavy-ion collisions can, as it cannot be
directly measured, be approximated by various models. Here only the results
of the Bjørken-scenario shall be described. The Bjørken scenario relates the
energy density with the measured central rapidity density

dN
dy

y=0
of the
particles.
0 =
hmTi
τ0A

dN
dy

y=0
(A.13)
where A denotes the transverse area of the colliding nuclei, τ0 the time the
particles need to form out of the initial reaction and hmTi denotes the av-
erage transverse mass. The formation time τ0 is a usually assumed to be
1fm/c. Using this approximation the energy density at SPS and RHIC were
calculated to be 0(SPS) ≈ 3GeV/fm3 and 0(RHIC) ≈ 5GeV/fm3.112 Kinematic variables in heavy-ion collisionsAppendix B
TRD production in Frankfurt
The ALICE Transition Radiation Detector as described in section 3.3.3 is built in
a joined effort of 11 different institutes from four different countries. Table B.1
shows all participating institutes and the corresponding production steps. Other
parts, like for example the back panels of the readout chambers are produced by
external companies. The construction was started in 2004, the aim is to complete
the TRD production until the end of 2008, such that the detector is fully operational
for the ﬁrst heavy-ion run.
During the operation of the LHC only short terms for maintaining the accel-
erator and the detectors of three month per year are planned. Given the strong
entanglement of the various detector parts, these maintenance terms will not be
long enough to replace broken parts of the detector after the installation. This puts
strong requirements on the quality of the individual detector parts. To guarantee the
full functionality over a period of 10-15 years of operation, any part of the detector
has to be tested after each production step.
In the following two of the production steps performed at Frankfurt will be
described: The production of the readout chambers and the production of the pad
planes.
B.1 TRD readout chamber production
In section 3.3.3 and ﬁgure 3.7 it was already shown that the TRD consists of 540
chambers organized in 18 super-modules. Each super-module houses 30 readout-
chambers (ROC), arranged in 6 layers in radial direction (L0-L5) and ﬁve stacks in
z-direction. The distribution of the different types of ROC’s to the various produc-
tion sites is shown in table B.2. Since the dimensions of the ROC’s increase with
the layer, causing different tooling for any layer, most of the sites concentrate on
one or two types of chambers. An exclusion is JINR Dubna producing all chambers
of type C0 (central stack at midrapidity).
The IKF is responsible to produce 68 ROC’s. Compared to the other german
sites for ROC production, PI and GSI, the IKF is, in terms of total space as well as114 TRD production in Frankfurt
Table B.1: Institutes participating in the TRD project and the corresponding as-
signed task.
Institute Assigned task Period
University of Athens high voltage system 2004-2008
NIPNE Bucharest chamber production 2004-2008
GSI Darmstadt chamber production 2004-2008
IKP, University of Darmstadt pad plane production 2007-2008
JINR Dubna chamber production 2004-2008
IKF, Frankfurt University chamber production 2005-2008
pad plane production 2004-2007
electronic integration 2007-2008
Kirchhoff Institute, Heidelberg front-end electronics 2004-2008
optical readout interface 2004-2008
PI, University of Heidelberg front and side proﬁles 2004-2008
chamber production 2004-2008
low voltage system 2006-2008
cooling system 2006-2008
Fachhochschule Köln detector control system 2004-2008
IKP, Münster University radiator production 2004-2008
super-module integration 2007-2008
cooling pipes 2007-2008
ZTT, Fachhochschule Worms communication software 2004-2008
Table B.2: Distribution of the different types of readout-chambers to the ﬁve pro-
duction sites (total amount of pieces to produce excluding spares).
ROC-type production site pieces in total
L(0-5)C0 JINR 5×18=90
L0C1 IKF 68
L0C1 PI 4
L1C1 PI 72
L2C1 NIPNE + JINR 50 + 22
L3C1 NIPNE + GSI 50 + 22
L4C1 GSI 72
L5C1 GSI 72B.1 TRD readout chamber production 115
in terms of available manpower, the smallest production site. One advantage was
that the IKF was scheduled to start the production 1 year later than the other sites,
thus it was possible to adopt most of the necessary tooling as well as the layout
of the production site and schedules for production. In addition, due to the limited
space for storage at the IKF it was decided to produce the smallest ROC’s, type
L0C1 at the IKF.
The layout of the ROC’s was described in 3.3.3, the ROC production is de-
scribed in detail in [Adl05b]. To ensure a similar behavior of all chambers the
production manual has to be strictly followed at each production site. Basically the
chamber production can be split into ﬁve parts:
1. back panel manufacturing
2. frame assembly
3. application of wires
4. chamber performance test
5. ﬁnal assembly
The back panel consists of a honeycomb structure made of Nomex1 with car-
bon ﬁber sheets on both sides, combining excellent stability with minimal material
budget. Onto this back panel the pad plane is glued. The pad plane consists of three
different printed circuit boards (PCB), each PCB holds the pads on one side and
ﬂat ribbon cables on the other side. The problem is, that the gas ampliﬁcation of the
chamber is very sensitive to the length of the ampliﬁcation region. For this reason
it has to be ensured that the pad plane is ﬂat, with maximum deviations of 20µm.
To guarantee the ﬂatness of the pad plane, the PCB’s are soaked onto a especially
designed ﬂat vacuum table (see ﬁgure B.1, left). Then the back panel is glued to
the PCB’s, the layer of glue is relatively thick (≈0.1mm) such that any deviation
from ﬂatness of the back panel is taken up by the glue and not transferred to the
pad plane. After the glueing procedure the PCB’s have to be cut on the edges and
the connectivity of the ﬂat ribbon cables has to be checked.
The frame of the chamber consists of the radiator, two Wacosit2 L-proﬁles
strengthened with aluminum, and two Wacosit front proﬁles. As the back panel the
frame has to be build exactly according to speciﬁcations, to prevent deformations
of the chamber resulting in gain uniformities. To ensure the exact measures all parts
are checked for possible deformations. Then the proﬁles are ﬁxed to an especially
designed table (see ﬁgure B.1, right), such that all parts are within their deﬁned
position. Then the radiator is glued to the proﬁle, giving the frame stability. The
glueing has to be done with care, to ensure the gas tightness of the chamber.
The most delicate part of the chamber construction is the wiring of the cham-
bers. First the cathode wire plane is glued to the frame. The cathode wires are made
1A ﬁber polymer with very high strength and low weight.
2A special kind of plastic, providing excellent stability and easy machining.116 TRD production in Frankfurt
of beryllium coated with copper with an average diameter of 75µm. The winding
is done on the especially designed winding machine. The machine shown in ﬁgure
B.3 is able to control the wire tension as well as the wire pitch. For the winding
two aluminum frames are used, such that two wire planes at a time are produced.
The cathode wires are wind with a nominal tension of 120cN and a wire pitch of
2.5mm. After the winding process the wires are glued to the frame and soldered to
copper strips to ensure connectivity. The anode wire plane consists of gold coated
tungsten wires with an average diameter of 20µm. The wire pitch is 5 mm, the ten-
sion 40cN, which is 80% of the breaking tension. To avoid breaking wires, even
gentle touches have to be strictly avoided.
The wired frame is then taped to the back panel and a ﬁrst test is performed.
The testing procedure is described in [Kra06]. After the successful test the back
panel is glued to the frame and a second ﬁnal test is performed.
These construction steps and the corresponding tooling had to be distributed
between the three available labs at the IKF. The main consideration for the distri-
bution were the requirements on cleanliness. The back panel glueing and the frame
assembly do not require a clean environment, they can be cleaned afterwards, thus
the two construction steps were placed in one lab. On the contrary the winding of
the wires as well as the glueing of the wires requires an almost dust-free and dry
environment.
Dust in the chamber can, under high-voltage, lead to the formation of bridges
between anode and cathode wires. The dust is attracted by high ﬁeld gradients. If
a piece of dust binds to a wire, a peak is created, causing a high ﬁeld gradient,
leading to a more attractive potential for other dust grains. Like this a growing
bridge of dust grains leading from an anode wire to either a cathode wire or the
pad plane are formed. These dust bridges can be conductive and thus lead to dark
currents, increasing the noise. In a worst case scenario, a wire can break due to a
high current caused by a dust bridge. This will result in an unusable chamber.
Another factor that has to be controlled during the production is the humidity of
the air. The glue used for the chamber production binds water during hardening. If
toomuchwaterisboundonthesurfaceoftheglue,thesurfaceresistivitydecreases,
which under high voltage leads to dark current, again leading to an increased noise.
For this reason the humidity during the glueing of the wires has to be below 40%,
consequently the whole room containing the winding machine and the table to glue
the wires is humidity controlled and the air is ﬁltered.
The ﬁnal glueing as well as cleaning of the wired chamber and repairs, are per-
formed in the third lab, on the 1.5t stone table. The stone table provides excellent
ﬂatness and a low vibration environment (see ﬁgure B.2). On top of the table a
laminar ﬂow box was installed to provide a dust free environment, important for
the cleaning procedure. At this point the humidity is no longer critical, since no
direct glueing of the wires happens.
The biggest change that was done in the production in Frankfurt, compared to
the production at the PI and GSI was the production schedule. As already described
above with one wiring procedure, two planes of wires are produced. Each plane isB.1 TRD readout chamber production 117
Figure B.1: The table for the frame assembly (right) and the vacuum table for the
glueing of the back panel (left). The aluminum plates are especially designed and
machined with very high precision of a maximum deviation of less than 0.1mm.
ﬁxed to one half-frame, such that the frames can be separated without breaking the
wires. At PI and GSI one half frame is directly used and the wires are glued to a
chamber, the second frame is stored for the next chamber. Then the next wiring
with the anode wires is performed, again two plains are produced, one is immedi-
ately used, the other one stored. This production schedule, taking into account all
additional production steps results in one chamber per production cycle. At least
three of the rather large and heavy aluminum half-frames have to be handled. Since
the wired frames should not be exposed to a dusty environment, the storage room
has to be as clean as the room for winding. At GSI and PI, the frames are directly
stored within the rather large room containing the winding machine. At IKF the
room containing the winding machine is too small to securely store wired frames.
For this reason the schedule was changed from a one chamber per cycle to a two
chamber per cycle schedule. Instead of storing the large frames, the much smaller
chamber are stored within an especially designed dust-free box. Both wire planes
produced within one winding are directly glued to two chambers. One chamber is
stored and after the winding, the anode plane is glued to the other chamber. Then
the previously stored chamber is equipped with the anode plane. In this schedule
only two frames are needed, which in addition can be left on the winding machine
for most of the time.
On average, to meet the overall TRD production schedule, 0.75 chambers per118 TRD production in Frankfurt
Figure B.2: The extreme precise and vibration-less stone table. The laminar ﬂow
box on top of it provides an almost dust free air ﬂow. The table is used for the ﬁnal
assembly of the chambers and, due to the small vibrations, for repairs.
week have to be produced. A rate which could be reached in 2005 and 2006, such
that no major delays have been accumulated.B.2 TRD pad plane production 119
Figure B.3: The winding machine with the wire tension meter (blue) and a large
aluminum frame. On the ceiling a special lifting device for the heavy aluminum
frames (∼100kg) was mounted.
B.2 TRD pad plane production
The second major TRD production task performed at the IKF was the soldering of
the pad planes. This task already started at the end of 2003. Table B.3 summarizes
the different types of PCB’s that have to be produced. In total for the complete
TRD 1512 PCB’s are needed (plus additional 10% spares). In total about 70.000
cables have to be soldered. Between 2004 and the end of 2006 more than 1000120 TRD production in Frankfurt
Table B.3: Different types of PCB’s, the amount of pieces to produce and the num-
ber of cables that have to be soldered to the PCB’s (spare PCB’s are not taken into
account).
type of chamber PCB number of PCB’s cables per PCB
(L0-L5)C0 type 1 6×18=108 48
type 2 6×18=108 48
type 1 24×18=432 48
(L0-L5)C1 type 2 24×18=432 32
type 3 24×18=432 48
PCB’s, representing 2/3 of the total production, were produced at the IKF. At the
beginning of 2007 another major task was started at the IKF, the integration of the
readout electronics. Due to this new task the PCB production was moved to the
University of Darmstadt.
Soldering the ﬂat ribbon cables directly to the PCB is a rather unusual design.
Industrial designs use connectors soldered in reﬂow processes. There is one ma-
jor reason why this design is not used for the TRD: the constraint to put as less
material into the way of the particles as possible. This constraint has various im-
plications: First, the connectors themselves add non-neglibible additional material
to the detector. Second the PCB’s are glued to the back panel. The cutouts for the
cables due to stability reasons have to be as small as possible, connectors would
require signiﬁcantly larger cutouts. Third reason is that the PCB’s are on the one
hand rather large (largest PCB: 55×121cm), on the other hand due to the constraint
on radiation length very thin (0.25mm). There are only few reﬂow-soldering ma-
chines available for PCB’s of that size. Due to the low thickness there is a rather
high probability that the PCB’s, due to the exposure to high temperatures, start to
warp within a reﬂow-oven. To avoid warping it was decided to use ﬂat ribbon ca-
bles, soldered with a special dedicated soldering machine, enabling to solder all
ﬁbers of the ﬂat ribbon cable at a time, without applying too much heat.
The whole production process consists of ﬁve steps:
1. Entrance control of the PCB’s
2. Application of solder to the PCB’s
3. Positioning of the ﬂat ribbon cables
4. Soldering
5. Connectivity test
The entrance control ensures that all PCB’s are cut to speciﬁcations and un-
damaged. Each PCB is marked by a unique serial number and the side of the padsB.2 TRD pad plane production 121
is covered with a foil to prevent scratches on the pads. For most of the PCB’s this
control was performed at the PI in Heidelberg.
The application of the solder to the footprints on the cable side of the PCB,
is the most delicate and time consuming part of the production. The amount of
solder has to be adjusted such, that cold joints are excluded, at the same time short-
circuits, caused by too much solder, have to be avoided as well.
Applying the ﬂat ribbon cables is another time consuming step. Due to the,
compared to industrial standards, low quantities, the application had to be done by
hand. The cables are ﬁxed to the PCB by a small adhesive strip. The correct place
is indicated by little marks printed on the PCB. Displaced cables can lead to short-
circuits between pads or in a worst case might break when they are bent upwards
during the insertion into the back panel.
After all cables are in place they are soldered using a special soldering machine
(see ﬁgure B.4), providing exact control over the heating temperature and the sol-
dering time. To prevent pollution of the soldering iron with solder, the ﬁbers of the
ﬂat ribbon cables are covered by a capton foil strip.
FigureB.4:ThesoldermachineusedforsolderingtheﬂatribboncablestothePCB.
The correct position of the soldering iron with respect to the cables is ensured by
latches.
The last step of the production chain is to test the connectivity of the cables.
Since a test stand contacting each individual pad would be to complex to build, a
test system measuring the capacity has been developed [Leh04]. The idea is that
each cable connected to a pad, has a certain capacity. The capacity of each pad is
measured. A dedicated software evaluates the individual capacities, and calculates
the mean value. If one of the pads is not connected to the cable, its capacity is
signiﬁcantly lower than the mean of all pads. If a short circuit between two or more122 TRD production in Frankfurt
pads is present, the capacity of connected pads adds up, resulting in a signiﬁcant
larger capacity. In addition the capacity of shorted pads is exactly the same for
both pads, while the capacity for individual pads differs slightly. These criteria
are used to detect possible errors. One disadvantage of this measurement is that
the measured capacities are very small, on the order of a few ∼nF. These small
capacities are very sensitive to the material beneath the pads and to the distance of
the pads to the material. To ensure equal conditions a large aluminum plate is used
with a 1mm plastic sheet on top. The PCB’s are put on the plastic sheet, such that
the pads and the aluminum plate form a plate capacitor. To ensure the ﬂatness and
parallelism of the PCB with respect to the aluminum plate, weight is applied on the
PCB during the measurement.
The fabrication of each individual PCB was documented. Errors detected dur-
ing the test were documented and used to optimize the fabrication process. Possible
errors were unconnected pads and shorted pads. Each type of error could again be
subdivided into errors caused by the soldering process and errors due to the PCB
production. The errors due to the PCB production dominantly happened at the etch-
ing of the PCB, most of these errors could be repaired. The rate of these types of
errors was 8% compared to the errors due to the soldering.
Errors due to the soldering were found to be highly correlated with the amount
of solder. As already discussed, too much solder leads to short circuits while too
little solder can cause cold joints. Especially cold joints can lead to serious damage
in the complete chamber later on. If a pad has no electric connection to the out-
side, it is ﬂoating. Due to the free charges in the gas, the pad charges up, causing
distortions of the ampliﬁcation ﬁeld. At some point the charge on the pad might
cause a sparc to the neighboring pads. The sudden current may damage the readout
electronics connected to this pad, in a worst case an avalanche is created, destroy-
ing large sectors of a chamber. To avoid such avalanches the connectivity of the
pads has to be ensured, for this reason the amount of solder is chosen a bit higher
than necessary. The disadvantage is that doing so, the probability to create a short
circuit between neighboring pads is increased. Consequently among the detected
errors more than 90% were short circuits and only a small fraction could be at-
tributed to badly or not soldered pads. In general the average error rate per PCB
was 1.3 during the main production phase in 2005.
Apart from the amount of errors the total time needed for the whole process is
an important factor. Most of the work was done by student and technical assistants.
Thus the overall time was directly related to cost. In addition, since the IKF was
the only supplier for all ﬁve chamber production site, it had to be assured that all
sites could be served with PCB’s in time. Figure B.5 shows the amount of PCB’s
produced per month and the average error rate. Only the data for the years 2004
and 2005 are given since from autumn 2005 on the ROC production started and
the working assistants were shared. Thus a clear distinction with respect to the
deployed man-hours cannot be made. The average production rate was 23.7 PCB’s
per month in 2004 and 48.5 PCB’s per month in 2005, the average time needed to
produce one PCB was 8.6 hours in 2004 and 3.8 hours in 2005.B.2 TRD pad plane production 123
There are several reasons why the production ran more efﬁcient in 2005 com-
pared to 2004. The ﬁrst and most obvious reason is that the whole production
started in 2004, so it took some time until all assistants were properly trained. Also
the different processes had to be optimized. The test system was installed in May
2004, it enabled direct checks of the performed work and the test results could be
used to further optimize the production process. Another huge increase in perfor-
mance happened between the end of 2004 and the beginning of 2005. At that time
the production, as well as the whole institute moved from the old building (Frank-
furt Rebstock) to a new building (Campus Riedberg), offering more space for the
production and a much more convenient working environment. The space was used
to double the places for the solder application and another dedicated table for the
placing of the cables was installed. In addition more racks for the temporary stor-
age of the PCB’s between the production steps could be installed, enabling a more
structured process.124 TRD production in Frankfurt
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Figure B.5: TRD pad plane production at the IKF in 2004 (top) and 2005 (bottom)
showing the total amount of production per month, and the man-working-hours
needed per peace.Bibliography
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